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The gas phase molecular structures of H 2NOCH 3 , 
CH 3 (H)NOH, CH 3 (H)NOCH 3 and (CH 3 ) 2NOCH 3 were investigated 
using electron diffraction. The main object of the studies 
was to determine the conformations adopted by the molecules .and 
the possibility that the systems contained more than one 
conformational isomer, 	!n CH 3 (H)NOCH 3 and (CH 3 ) 2NOCH 3 
the presence of at least two conformational isomers was 
established. The results are related to results from ab 
initio molecular orbital calculations on H 2NOH, H 2NOCH 3 
and CH 3 (H)NOH. 
The gas phase molecular structures of (SPF 2 )O and 
(SPF 2 )CH 2 were investigated using electron diffraction. The 
main object of the studies was to determine the conformations 
adopted by the molecules and again the possibility that the 
systems contained more than one conformational isomer was 
investigated. In (SPF2 ) 2 CH 2 the presence of at least two 
conformational isomers was established and the difference 
in energy between the two conformations was calculated. 
'The gas phase molecular structure of (F 2P) 3 N was 
investigated using electron diffraction. In this case the 
symmetry of the molecule was so great that it was thought 
worthwhile to attempt to measure the amplitude of the 
torsional vibration around the P-N bond and from that to 
calculate the energy of the vibration. 
The gas phase molecular structure of (CF 3 ) 20 was 
investigated using electron diffraction. In this case the 
major aim of the study was to find out how the structure 
was affected by the high level of crowding in the molecule.. 
vi 
It was demonstrated that there are substantial differences 
between the structure of this molecule and others of the 




STRUCTURE DETERMINATION USING GAS PHASE ELECTRON 
DIFFRACTION 
1. 	Historical Outline 
The theory necessary to carry out an electron diffrac-
tion study was developed in papers by Rutherford', Debye 2 ' 3 
and Ehrenfestt1 in the early years of this century and was 
available when Davisson and Germer 5 and Thomson 6,7  made 
their experimental verifications of de Brogue's hypothesis 8 
that a moving electron should have wavelike properties and 
that the wavelength should be related to the momentum by 
the expression 
x = h/p 	 [1] 
where X is the wavelength, p is the momentum of the 
particle and h is Planck's constant. 
The technique was first applied to the elucidation of 
the molecular structure of gases by Mark and Wierl 9 ' 1° and 
while it is obvious therefore that the theory of structure 
determination using electron diffraction has been available 
for some time the power and accuracy of the technique has 
been increased enormously over the years by improvements 
in instrumentation, suc'h as the development of the rotating 
sector camera, and the development and spread of high speed 
electronic computing facilities. 
Advances in recent years in the calculation of 
amplitudes of vibration and shrinkage corrections have also 
2 
contributed to this increase in accuracy and correct use of 
the information available on the effects of vibration and 
the use of gas phase electron diffraction in concert with 
other techniques, such as microwave spectroscopy, liquid 
crystal NMR and ab initio molecular orbital computations is 
resulting in further increases in the power of the technique. 
2. 	Theory 
When a beam of electromagnetic radiation, or of 
electrons, encounters a material object some of the 
radiation will be scattered. 
Young's classic double slit experiment demonstrated 
that when two parallel slits are placed in the path of a 
beam of electromagnetic radiation an interference pattern 
can be observed of alternating regions of high and low 
intensity consisting of either constructive or destructive 
interference of the radiation scattered by the two slits. 
As the intensity maxima occur where the distance from each 
of the scattering points, i.e. the slits, to the point of 
interference is equal to an integer number of wavelengths 
the conditions for intensity maxima exist where 
d sin 0 = nX 
	
[2] 
where d is the separation of the slits, 0 is the scattering 
angle, n is any integer and A is the wavelength of the 
radiation. 
Where the wavelength of the radiation is known this 
expression clearly gives a way of determining the separation 
of the scattering points. As the atoms in a molecule can as 
readily act as scattering points, as do slits, it seems 
likely that if a source of radiation of known wavelength 
can be produced this type of relationship would form the 
basis for determinations of molecular structures. 
A beam of electrons is the ideal form of radiation for 
determining the structure of molecules in the gas phase for 
two reasons. Firstly the cross section for diffraction of 
electrons is far greater than that for electromagnetic 
radiation and as the total number of molecules in a gas 
sample is small compared to a solid it is necessary to use 
electrons to get a satisfactory diffraction pattern in a 
reasonable time. Secondly the alternative source of 
radiation is X-rays and the wavelength of the electrons 
is more suitable for obtaining the optimum number of rings 
in the observable area of the experiment. 
The expression describing the diffraction of electrons 
by a rigid molecule is " 
sin(sr. .) 
I(s) 	1f(s)I 2 + 	If1IIfIco5(n1n) 	sr. 
1 	 1J 	 1J 
where for atoms i and j,f(s) is the scattering factor of an 
atom at point s, r 1 is the distance between the atom pair 
and (n-n) is the phase shift on scattering from atom pair 
ij at point s. S is used as the measure of position across 
	
the plate and is equal to - 	sin(6/2). sis used as the 
measure of position as it removes the dependence of the 
scattering expression on wavelength thereby allowing different 
experiments conducted at different times with different 
wavelengths to be combined in the calculations. 
However1 the rigid molecule approach does not fit the 
observed results ) and it must be amended to take into 
account the influence of molecular vibrations. 
As the number of collisions that contribute to the 
experiment is so large that the experiment can be considered 
to involve a statistical sample of rigid molecules 1 the 
structure dependent part of equation [3] can be rewritten 
11 as 
sin(sr. .) 13 dr [4] I(s) 	V { i 	j 	n 
f IfIcos ( n1_ ) fP ( r ) 	sr.. L I 	l ii 13 
where P(r)  is the weighting function for each pair of 
atoms i and j describing the probability distribution of 
the distance between the atoms. 
When the distance distribution corresponding to a 
Morse oscillator is used the expression for the structure 
dependent part of the intensity function can be rewritten 
as 11 
I(s) 	A 	 1 
sin(s(r. 3 .-K 1. 3 .s2))exp(-u..2s2/2) 




= Ifi I  If j Icos( 1-.) ll 	I [5] 
where u 	is the mean amplitude of vibration of atom pair 
i and j and K 	 is the asymmetry constant. The asymmetryij 
constant is assumed to be equal to au./6. Experimentally 
5 
a is usually considered to be 2 x 10_ 2  pm 	for bonded 
atoms and 0 pm 	for non bonded atoms. 
Equation [5] is usually used in structure determina-
tions. 
3. 	Experimental Techniques 
The electron diffraction experiment requires that an 
electron beam of known wavelength and a sample of material 
should interact at a known distance above a detection 
system. The area of interaction should be as small as 
possible and the volume the electron beam travels through 
should be as close to a vacuum as possible to minimise 
scattering at any point other than the point of interaction 
between the electron and molecular beams. The detection 
system should result in a record which can be converted 
into an accurate measure of the electron flux over as wide 
a scattering angle as possible. These conditions are 
achieved as follows. 
a. 	The electron beam 
A current is passed through a metal wire to raise it 
to the temperature at which electrohs will boil off. The 
wire is placed in a potential gradient so that the electrons 
are accelerated towards the anode which.will have a hole in 
it to allow the electrons to pass through. 
As de Broglie's hypothesis says that 
X = h/p 
	 [1] 
and as an electron of charge e accelerated by a potential 
difference P will acquire a kinetic energy of Fe which 
will be related to the momentum of the particle by the 
expression 
Fe = p 2 /2m 
	
[6] 
(where m is the mass of the electron) 
then by substituting the expression for momentum in 
equation [6] into equation [1] the wavelength can be 
related to the accelerating voltage by the expression 
X 	h//(2meP) 
As the ideal conditions for the experiment require that 
the wavelength should be between one and two orders of 
magnitude less than the typical, interatomic distancesan 
accelerating voltage of about 50 kV is used which gives 
rise to an electron beam with a wavelength of approximately 
5 pm. 
The actual wavelength of the beam is usually checked 
by analysis of the diffraction pattern of a sample of known 
structure such as benzene or a metal film. 
The electron beam must be focused after passing 
through the anode in order to make it as narrow as possible. 
This can be done by allowing the beam through a series of 
small apertures. This method alone however seriously 
diminishes the beam current and it is supplemented by the 
use of magnetic lenses which further focus the beam. 
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b. 	The gas sample 
The molecular beam is kept narrow by warming a reser-
voir of the compound until the desired vapour pressure is 
reached and allowing the sample to pass into the diffrac-
tion chamber through a small hole. In this way a jet of 
the sample is created and if the electron beam passes 
reasonably close to the entrance to the chamber the molecular 
beam will be narrow enough for the purpose of the experiment. 
As there are limitations on the length of the 
experiment due to possible fluctuations in the accelerating 
voltage, problems with keeping the reaction chamber at a 
hard enough vacuum and extraneous scattering from other 
sources, the pressure of the sample must be such that the 
number of molecules passing through the electron beam in a 
limited time will be sufficient to create a clear 
scattering pattern. The optimum pressure is variable as 
molecules with heavy atoms are better scatterers than those 
with only light atoms. However the sample pressure should 
normally be of the order of a centimetre or so of mercury. 
This obviously limits the technique to those molecules 
which do not decompose at the temperatures required to 
produce the necessary vapour pressure. 
C. 	Detection 
The intensity distribution is usually measured using a 
photographic plate although counting techniques have been 
explored12 ' 13 . 	Clearly, what is required is a plate 
for which the density of the developed emulsion at any 
point is easily and accurately convertible to a measure 
of the electron flux at that point. However)  the intensity 
of the scattered beam falls off as the fourth or fifth 
power of the scattering angleand no photographic plate 
has been produced which will give accurate measures of 
electron flux over the variation in flux occurring over a 
useful range of scattering angles. 
To overcome this problem ) a rotating sector constructed 
so that the angular opening increases as the fourth or 
fifth power of the scattering angle is placed in front of 
the photographic plate. This evens out the scattered 
electron intensity so that over substantially the whole 
of the plate there is an accurately measurable relationship 
between the density of the developed emulsion and the 
intensity of the scattered electrons. 
Due to the problems of calibrating the sector opening 
at small angular openings ) it is only possible to use the 
data from any experiment over a limited range of scattering 
angles. However) by varying the distance. of the detection 
system from the point of scattering thereby obtaining data 
for a different range of scattering angles and combining 
the results, an acceptable range of scattering angles can 
be obtained. 
d. 	Microdensitornetry 
The output from the electron diffraction experiment 
is a photographic plate with a rdeil/y symmetric diffraction 
pattern. The photographic plate has been chosen so that 
the density of the exposed emulsion at any point on the 
plate can be accurately converted to a measure of the 
electron intensity at that point. It is therefore 
necessary to be able to measure the transmission of light 
through the plate at a series of points across a diameter 
of the diffraction pattern. A machine which can measure 
the transmission of light through a very small area of 
plate is called a microdensitometer. The microdensitometer 
measures the transmission values across a diameter of the 
plate. These values are then compared with the trans-
mission value of the unexposed plate. The resultant 
percentage transmission values constitute the raw data 
used in the structure determination. 
The photographic emulsion is not completely 
homogeneous. It contains grains of finite size. This 
has the effect of imposing a small irregular fluctuation 
on the transmission values. This problem can be partially 
offset either by taking a number of diameters and aver-
aging them or by oscillating the plate about the centre 
of diffraction pattern as it is tracked across the beam. 
14 	Data Reduction 
The percentage transmission values which are obtained 
from the microdensitometry of the photographic plates must 
first be converted into the intensity of the scattered 
electron beam at a known s value. This is achieved by 
applying the conversion factor from transmission values 
10 
to electron intensity for that particular type of 
photographic plate. The data is then corrected to allow 
for the evening effect of the sector and the planarity of 
the plate and sector. 
Once these corrections have been made the intensity 
data consists of the electron flux scattered from the 
sample at a range of scattering angles. This has been 
shown to consist of a structurally dependent part and a 
part which depends only on the atoms in the molecule. 
The structurally dependent part is usually referred to as 
the molecular scattering while the structurally independent 
part is usually referred to as the atomic scattering. 
The data also contains an element of extraneous 
scattering caused by scattering from equipment in the 
diffraction chamber or from the walls of the chamber. 
However both the atomic and extraneous scattering vary 
smoothly with s. Due to this smooth variation with s ' it 
is possible to separate the molecular scattering from the 
rest by drawing a series of smooth curves through the 
intensity data, thereby progressively removing the 
smoothly varying atomic and extraneous scattering and 
leaving behind the more rapidly varying molecular data. 
5. 	Structure Determination 
The molecular structure is determined either by 
comparison of the experimental intensity curve with the 
11 
theoretical or by comparison of the theoretical and 
experimental radial distribution curves. 
The radial distribution curve is of the form P(r)/r 
where P(r) is the probability distribution of the distance 
between an atom pair. 
In the simplest case, that of a diatomic molecule, 
the radial distribution curve is fairly readily accessible. 
As the molecular scattering contribution takes the 
form 
lL 
M(s) = I A(s)5sin(sr 13  . . )/sr. 1 .3  P.1 .3  (r)dr 	[7] 
13 
then in the case of a diatomic molecule the equation can 
he rewritten 
S M(s)/A 13 . . = JP. 13  . 	1(r)/r. 3 	1 sin(sr. 3 .)dr 	 [8] 
and using Fourier transform theory this can be converted 
to 
P 13 . . 	 1(r)/r. 3 	 1 
5s M(s)/A. 3.(s) sin. (sr1. 3 .)ds 	[9] 
For polyatomic molecules the conversion is more 
complex and the P(r)/r ij of each atom pair will be 
weighted proportionately to the product of their atomic 
numbers. 
A problem in practice is that data is not available 
from s = 0 to co. This problem is overcome by including 
theoretical data at low 5 values and including a damping 
function in the integral which reduces the importance of 
12 
the high s values. 
It is clear from equation [9] that the value of.r ij 
arising from the electron diffraction experiment will be 
the centre of mass of the P(r)/r curve. As this weights 
the lower end of the curve relative to the higher it will 
clearly give an average distance value of less than the 
true average. The distance is in fact reduced by u 2 /r 
where u is the amplitude of vibration. 
Once a preliminary molecular scattering curve and a 
preliminary radial distribution curve are obtained ) the 
determination of the optimum structure can be looked on 
as taking place in two stages. 
Firstly) a preliminary estimate of the molecular 
structure must be made. This is usually most conveniently 
done by inspection of the radial distribution curve ) as the 
radial distribution curve gives-an immediate picture of 
the various interatomic distances in the molecule. In many 
cases more than one preliminary structure will approximately 
duplicate all the major features of the distribution curve j 
and in these cases each of the possible structures must be 
taken through the second stage. It will then be necessary 
to find some method of deciding which of the possible 
structures can be excluded. 
The second stage consists of refining all the parameters 
that make up the model structure until the optimum 
correlation between experimental and theoretical data 
is achieved. This refinement can be done by comparing 
molecular intensity curves or radial distribution curves 
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although it is usually more convenient to use the 
molecular intensities. 
The usual method of refinement is that of least 
squares which at its simplest seeks to minimise the sum 
of the squares of the difference between the experimental 
and theoretical intensities. This procedure is ) however) 
complicated by two factors which have to be considered; 
firstly some of the data points are more reliable than 
others and secondly there is a possibility of correlation 
between adjacent data points. 
The first problem is overcome by giving different 
weights to the data points in calculating how well the 
theoretical intensity data fits with the experimental. 
The least squares procedure would then seek to minimise 
2 
/ 	W.U. J 3 
[10] 
where w is the weight attached to point j (the higher the 
weight the greater the confidence), •u is the difference 
between the experimental and theoretical intensities at 
point j and N is the number of observations. 
The problem of correlation arises because although 
it is clearly desirable that the intensity data should be 
measured at a sufficient number of points to ensure 
maximum information, if the points of measurement are too 
close together they can no longer be considered to be 
completely independent measurements. 
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It is clearly desirable that the refinement procedure 
should take into account this effect by reducing the 
combined effect of data points which are close enough 
together to be correlated. This is done by using as 
the measure of closeness of fit of the experimental and 
theoretical data the expression 
wU 
where U is the column matrix of differences between the 
experimental and theoretical intensities and W is a square 
weight matrix with elements w 	down the diagonal which
ii 
depend on the relative reliabilities of the intensity 
measurements and elements w 	off the diagonals which seekij 
to reduce the combined weighting of points which are close 
enough together to be correlated. 
As the degree of correlation between points falls off 
rapidly with separation it is usually only necessary to 
include off diagonal elements for adjacent points. 
In many cases refinement of the parameters used will 
result in non convergence or convergence to a result which 
cannot possibly be correct. There are several possible 
reasons for this, the most important of which are: 
a. 	The initial parameter set is badly chosen or contains 
assumptions which are incorrect. This can usually 
be corrected by starting the process again with 
different parameter values or re-examining your 
assumptions. 
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b. 	In many computations the number of parameters needed 
to completely define the system is so large that they 
cannot all be determined from the data available. In 
these circumstancesif all the parameters are refined 
at one time the refinement will not converge. It is 
then necessary to accept that the information avail-
able is limited and to apply some physically 
reasonable constraints to the system which will allow 
you to reduce the number of parameters refining. 
C. 	In some cases two parameters are so strongly 
correlated that they cannot both be determined 
(correlated in this situation means that the effect 
on the theoretical data of a small change in one 
parameter can be counterbalanced by a small change 
in the other). In these circumstances the refinement 
may fail to converge or may converge to give un-
reasonable parameters. This can sometimes be avoided 
by redefining the parameters. For example, by changing 
two distances into a mean distance and a difference in 
distances. However it must usually be accepted that 
it is not possible to determine both distances on the 
information available and that constraints will have 
to be applied to the system. 
6. 	Errors and Accuracy 
The sources of error in an electron diffraction 
experiment fall under two main headings: systematic and 
16 
random errors. The extent of the random errors is measured 
by the least squares refinement of the data ) but in quoting 
estimates of the reliability of the results some consider-
ation should also be given to the effects of systematic 
errors. 
These errors arise from a number of sources and will 
generally give rise either to errors in the s scale or in 
the relative intensity values. Errors in the s scale give 
rise mainly to uncertainties in the distances and these 
scale errors come from,inter alia,inaccuracies in the 
wavelength, nozzle to plate distance and the scale on the 
microdensitometer. Errors in the relative intensity values 
give rise mainly to uncertainties in the amplitudes of 
vibration and come from,inter alia,inaccuracies in the 
sector or blackness corrections, incorrect positioning of 
the centre of a diffraction pattern and incorrect 
background subtraction. 
Some estimate of the likely extent of these errors 
should be attempted if realistic est.imates of the 
accuracy of results are to be made. 
Errors can also arise from sample impurities, fixing 
one of a group of correlated parameters or from invalid or 
incorrect assumptions made about the molecular geometry. 
7. 	Information from the Experiment 
The information immediately available from the electron 
diffraction experiment is the average values of all the 
17 
interatomic distances in the molecule at the temperature 
of the experiment (r g ). However one will normally wish to 
find out the ground state structure of the molecule. 
That is the structure of the molecule where it is frozen 
in its lowest vibrational energy state. The electron 
diffraction result will on occasion be dramatically 
different from this ) and if no account is taken of the 
effects of vibrations results may be wrongly interpreted. 
The effects of vibrations on the r  values are called 
shrinkage effects. These effects are best illustrated by 
a large amplitude bend in a linear molecule. 
C' 
x 
A 	B 	C 	 Figure 1.1 
C" 
When the molecule is in its lowest energy, i.e. 
linear, state the distance between A and C is equal to 
x + y. However if there is a large amplitude linear bend 
the molecule will spend a substantial proportion of its 
time bent as A-B-C' or A-B-C". As in all states apart from 
the linear state the A. .. . C distance will be less than 
x + y, the average distance perceived by the electron 
diffraction experiment will be less than x + y, and the 
molecule will apparently be bent at B. If this is taken 
to represent the lowest energy position it will conflict 
with the spectroscopic evidence and will often not make 
physical sense. 
It is) howeverpossible to construct a model of the 
molecule studied which takes into account this low amp-
litude bend. If it can then be shown that this model 
fits the experimental data better than the rigid model 
it is sometimes possible to work out the frequency of the 
vibration and estimate the shape of the potential well. 
As the electron diffraction experiment measures the 
average value of all the interatomic distances it can be 
possible to estimate the relative proportions of two or 
more conformational isomers in a system where the 
difference between the conformers involves a change in 
the distance between a pair of atoms which are good 
scatterers. 
If the relative proportions of conformers are cal-
culated it is clearly possible to calculate the energy 
difference between them. If the experiment is carried out 
at a range of temperatures the entropy difference can also 
be calculated. 
8. 	Limitations 
It is therefore obvious that electron diffraction is 
a technique of some power. However 1 it has several 
limitations. 
It is a technique which is mainly confined to the 
gas phase and is therefore confined to those substances which 
can be heated to a temperature giving rise to a substantial 
vapour pressure without decomposing. 
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The more information you attempt to obtain from the 
experiment the less accurate your results are likely to 
be. The best results are obtained using small or highly 
symmetric molecules which can be rigorously described 
using a small number of parameters. However, 
interesting results can be obtained even where the molecule 
is too complicated for all the structural problems to be 
solved. For example in a study of cyclo-octane the bond 
lengths and angles were easily found even though no 
satisfactory model was ever discovered. 
The results obtained using flexible molecules are 
likely to be virtually meaningless due to the problems of 
shrinkage unless all the frequencies of vibration are 
known. 
The ability of an atom to scatter electrons is 
linearly related to its atomic number. A molecule with a 
number of light atoms will therefore have to be run at a 
higher pressure than one with heavy atoms. Problems can 
occur when a molecule contains both light and heavy atoms. 
In these cases the scattering from the heavy atoms swamps 
the scattering from the light atoms making it difficult 
to determine accurately those parameters which only 
affect the position of light atoms. 
It is therefore advisable to carefully consider 
exactly what information is required from an electron 
diffraction experiment as the limitations set out above 
will exclude many molecules from the scope of the experi-
ment and limit the amount of information available from 
many others. 
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CHAPTER 2 
STRUCTURE OF 0-METHYL, N-METHYL, N,0-DIMETHYL AND 
N, N, OTRIMETHYL HYDROXYLAMINES 
2.1 Introduction 
Molecular orbital calculations on hydroxylamine itself 
and on its two monomethyl derivatives 3 suggest that the 
molecules have only two local minima (la and lb) on the 
potential function describing rotation about the N-O bond; 
that the preferred conformation has the non-bonded electron 
densities trans (lb); that the energy difference between 
the trans (lb) and the cis (la) forms is 33.6, 28.1 and 29.1 
kJ mol 	in hydroxylamine, 0-methyl hydroxylamine and 
N-methyl hydroxylamine respectively; and that there is an 







The second of these predictions has been verified 
experimentally and microwave studies of the monomethyl 
hydroxylamines have failed to find any evidence of 
conformers other than the trans form (lb) 5 ' 6 although it 
has been suggested that the infrared evidence points 
towards the existence of a second conformer as there is 
doubling of certain absorptions in the 0-methyl and poss- 
7 ibly the N-methyl hydroxylamines. 
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It was expected that a study of various hydroxylamines 
would determine which conformation exists in the highest 
concentration and whether any other conformers exist in 
significant concentrations in the system. 
If the study of Radom et a1 3 is correct in its 
calculation of the difference in energy in the monomethyl 
hydroxylamines between the trans form (lb) and any other 
form) then this difference is so large that only one con-
former should exist in a large enough concentration to be 
found using gas phase electron diffraction techniques. 
However the difference in energy between the trans form and 
the cis form appears to become less as methyl groups are 
substituted for hydrogen atoms so it may be possible that, 
as more methyl groups are added, the cis form will become 
more energetically favoured and will exist in high enough 
concentrations to be found using electron diffraction tech-
niques. 
As the factor stabilising the trans form relative to 
the cis is probably the favourable dipole-dipole interac-
tion which occurs when the nitrogen and net oxygen lone 
pair moments are antiparalle1it seems possible that when 
the hydroxylamine loses its C 5 symmetry the point where 
the lone pair moments are antiparallel will no longer 
coincide with the trans form, that this effect will then 
not favour the trans form so strongly and that some other 
conformation may then exist to a noticeable extent. How-
ever) a microwave study of N-methyl hydroxylamine gives no 
indication of the existence of any conformer other than 
the trans form. 
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These molecules may also be interesting as there have 
been few structural studies of molecules containing N-0 
single bonds and the molecules studied give a fairly wide 
range of bondlengths ranging from a bondlength of 138.2 
pm in oximinoacetate 8 to 1146.5 pm in 2,2,6,6-tetramethyl-
14-piperidone-l-hydroxyl 9 . 
Samples of N-methyl hydroxylamine, 0-methyl 
hydroxylamine, N,0-dimethyl hydroxylamine and N,N,0-
trimethyl hydroxylamine were supplied by Dr F.G. Riddell of 
Stirling University. 
2.2 Molecular Models and Refinements 
2.2.1 0-methyl hydroxylamine: 
The molecular model used to describe 0-methyl hydro-
xylamine for the purpose of least squares refinement of 
the independent parameters used the following assumptions: 
that the H 2NO group has local C symmetry; 
that the OCH 3 group has local C 3 symmetry. 
Using these assumptions the molecule can be described 
using the following independent parameters: the C-H, N-0, 
C-0 and N-H bondlengths; the H-N-H, H-N-0, N-0-C and 0-C-H 
angles and two dihedral angles, one being the dihedral 
angle between the bisector of the H-N-H and the 0-C bond 
defined to be 00  when the 0-C bond is trans to the bisector 
of the H-N-H angle (form lb) and the second being the 
dihedral angle between a C-H bond and the N-0 bond defined 
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to be 00 when the CH  group is staggered relative to the 
N-0 bond. 
On examination of the radial distribution curve 
(Figure 2.2) it is clear that the N-O and 0-C distances 
both lie under the peak centred around 1 140 pm. Because of 
this coincidence it proved to be impossible to refine the 
two distances and their associated amplitudes of vibration 
independently. Amplitudes were therefore calculated from 
spectroscopic data using the programme FG made available 
by Dr S. Cradock. 
All the amplitudes of vibration associated with pairs 
of atoms separated by one bond were fixed at their calcu-
lated values, e.g. 14.8 pm for 0-C and N-0 (similar values 
have been found in oximinoacetate and 2,2,6,6-tetramethyl-
24-piperidone-l-hydroxyl), 6.9 pm for C-H and 7.6 pm for 
N-H. Under these conditions all the bondlengths refined 
readily. 
It is also evident from an examination of the radial 
distribution curve that the two different 0. . .H distances 
lie close together around 200 pm. Under these circumstances 
it proved to be impossible to refine the 0-C-H and H-N-0 
angles and the associated amplitudes independently. 
The amplitudes were constrained to be equal and the 0-C-H 
angle was fixed at 109.5 0 . 
All the amplitudes of vibration associated with pairs 
of atoms separated by three bonds were constrained to be 
equal and all the amplitudes of vibration associated with 
pairs of atoms separated by four bonds were fixed at 
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reasonable values. 
A plot of R   against the dihedral angle between the 
N-0 bond and a C-H bond (Figure 2.9), with the other 
dihedral angle given various different values gives a 
minimum R at 00, i.e. the CH  group is staggered relative 
to the N-0 bond. 
A plot of R   against the dihedral angle between the 
C-0 bond and the bisector of the H-N-H angle (Figure 2.10) 
shows a minimum R at 00,  i.e. where the 0-C bond is trans 
to the bisector of the H-N-H angle (lb). The minimum R  
found was 0.126. 
The final results are shown in Table 2.5, final 
correlation matrix in Table 2.4 and intensity and difference 
curves in Figure 2.1. 
2.2.2 N-methyl hydroxylamine: 
The molecular model used to describe N-methyl 
hydroxylamine for the purposes of least squares refinement 
used the following assumptions: 
that the CH  group has local C3  symmetry; 
that the H-N-0 and C-N-0 angles are equal. 
Using these assumptions the molecule can be described 
using the following parameters: the C-H, C-N, N-0, N-H and 
0-H bondlengths; the N-C-H, H-N-C, C-N-0 and N-0-H angles 
and two dihedral angles, the first being the dihedral angle 
between the 0-H bond and the bisector of the H-N-C angle 
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defined to be 0 ° when the 0-H bond is trans to the bisector 
of the H-N-C angle (form lb) and the second being the 
dihedral angle between the N-H bond and a C-H bond defined 
to be 0° when the CH  group is staggered relative to the 
MORMYSTOM 
It is clear, on examination of the radial distribution 
curve (Figure 2.14) that there is extensive overlapping of 
peaks due to different atom pairs. It is therefore 
necessary to impose some constraints on the amplitudes of 
vibration before the other independent parameters will 
refine to consistent values. 
The amplitudes of vibration associated with the 
directly bonded C-N and N-0 atom pairs were fixed at 14.8 pm 
on the reasonable presumption that they would be 
approximately the same as the one bond amplitudes of 
vibration in 0-methyl hydroxylamine. 
All the amplitudes of vibration associated with pairs 
of atoms separated by two bonds, with the exception of the 
C. ..0 atom pair were constrained to be equal. All H.. .H 
atom pairs were fixed at reasonable values. 
Under these conditions it was possible to refine all 
the bondlengths apart from 0-H which was fixed at 95.0 pm. 
The only angle which could be refined was the C-N-0 angle: 
the H-N-C, N-0-H and N-C-H angles were fixed at 108.0 0 , 
103.0 0  and 109.5 0  respectively. 
Plots of R   against the dihedral angle between the 
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N-H bond and a C-H bond, using various values for the other 
dihedral angle (Figure 2.12) show that the minimum R  
occurs where the dihedral angle equals 650,  i.e. where the 
CH  group is very nearly eclipsed by the HNO group. 
However, using W.C. Hamilton's 10  significance tests 
it is impossible to reject, with greater than 90% confi- 
dence, the possibility that the dihedral angle is about 50, 
i.e. that the CH  group is approximately staggered relative 
to the N-H bond. 
Plots of R   against the dihedral angle between the 
C-0 bond and the bisector of the H-N-C angle (Figure 2.13) 
show that the minimum R   occurs where the angle equals 
200 0 . However it is not possible to reject, with greater 
than 90% confidence, the hypothesis that the dihedral angle 
is either 50 0  or between 270 0  and 3300 . 
The final parameters are given in Table 2.7, the 
final correlation matrix in Table 2.6, and the intensity 
and difference curves in Figure 2.3. 
2.2.3 N,0-dimethyl hydroxylamine 
The molecular model used to describe N,0-dimethyl 
hydroxylamine for the purpose of least squares refinement 
used the following assumptions: 
that the two methyl groups are identical and have 
local C 3 symmetry; 
that the H-N-0 and C-N-0 angles are equal. 
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Using these assumptions the molecule can be described 
using the following independent structural parameters: the 
N-0, C-N, 0-C, 0-H and N-H distances; the X-C-H (where X 
N or 0), H-N-C, C-N-0, N-0-C and three dihedral angles, 
the first dihedral angle being that between the bisector 
of the H-N-C angle and the 0-C bond which is defined to 
be 0 0 when the 0-C bond is trans to the bisector of the 
H-N-C angle (form lb), and the second being that between an 
(0)C-H bond and the N-0 bond which is defined to be 00 
when the (0)CH  group is staggered relative to the N-0 
bond. The third is that between an (N)C-H bond and the 
N-H bond which is defined to be 00  when the (N)CH 3 group is 
staggered relative to the N-H bond. 
It is again clear, on examination of the radial 
distribution curve (Figure 2.6), that there is extensive 
overlapping of peaks due to different atom pairs making 
it necessary to impose constraints on the amplitudes of 
vibration and on some of the structural parameters. 
The amplitudes of vibration associated with the 
directly bonded C-N, N-0 and 0-C atom pairs were again 
fixed at 14.8 pm. 
The amplitudes of vibration associated with all pairs 
of atoms separated by two bonds and involving one hydrogen 
were constrained to be equal as were the amplitudes of 
vibration associated with atom pairs separated by three 
bonds and involving one hydrogen. All amplitudes of 
vibration associated with atom pairs separated by four 
bonds or involving two hydrogens were fixed at reasonable 
values. The amplitudes of vibration associated with the 
N.. .0 and 0.. .0 atom pairs were constrained to be equal. 
The N-H bondlength was fixed at 100 pm, the H-N-C 
angle at 107 ° , the N-0-C angle at 109 ° and the 0-C-H angle 
at 109.5° . 
The dihedral angle between an (0)0-H bond and the 
N-0 bond was fixed at 00,  i.e. where the (0)CH  is 
staggered relative to the N-0 bond. 
A plot of R   against the dihedral angle between an 
(N)C-H bond and the N-H bond (Figure 2.1 14) shows the 
minimum R to occur at around 30 ° , i.e. the (N)CH3 group is 
twisted significantly away from being staggered relative 
to the N-H bond. 
A plot of R   against the dihedral angle between the 
bisector of the H-N-C angle and the 0-C bond shows the 
minimum R to occur at 00  (Figure 2.15), i.e. the 0-C 
bond is trans to the bisector of the H-N-C angle. 
2. 2. )4 N, N, 0-trimethyl hydroxylamine 
The molecular model used to describe N,N,0-trimethyl 
hydroxylamine for the purpose of least squares refinement 
used the following assumptions: 
that the C 2NO grouping has local C symmetry; 
that any twisting of the two (N)CH 3 groups away from 
a conformation which is staggered relative to the 
opposite N-C bond is such as to maintain overall Cs 
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or C 2 symmetry for the (CH 3 ) 2 N moiety as a whole; 
3. 	that all the methyl groups are identical and have 
local C 3 , symmetry. 
Using these assumptions the molecule can be described 
using the following independent parameters: the C-H, C-N, 
N-O and 0-C distances; the X-C-H (where X = 0,N), C-N-C, 
C-N-0, N-0-C and three dihedral angles. The first of 
these is the dihedral angle between the bisector of the 
C-N-C angle and the 0-C bond which is defined to be 00 
when the 0-C bond is trans to the bisector of the C-N-C 
angle (Figure 	lb), the second is the dihedral angle 
between an (0)C-H bond and the N-0 bond which is defined 
to be 00 when the (0)CH  group is staggered relative to the 
N-0 bond, and the third is the dihedral angle between an 
(N)C-H bond and the opposite N-C bond which is defined to 
be 0° when the (N)CH 3 group is staggered relative to the 
N-C bond. 
It is again clear on examination of the radial 
distribution curve (Figure 2.8) that' there is extensive 
overlapping of peaks due to different atom pairs making it 
necessary to impose certain constraints on the amplitudes 
of vibration and some of the structural parameters. 
The amplitudes of vibration associated with the C-N, 
N-0 and 0-C bonded atom pairs were all fixed at 4L8 pm, 
i.e. the values found for the N-0 and 0-C atom pairs in 
0-methyl hydroxylamine using force constant computations. 
The amplitudes of vibration involving pairs of atoms 
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separated by two bonds and not involving a hydrogen atom 
were constrained to be equal while the amplitudes of 
vibration associated with pairs of atoms, one of which is 
hydrogen, were also constrained to be equal. 
The amplitudes of vibration associated with the 
C. . . C atom pairs separated by three bonds were also 
constrained to be equal. 
All other amplitudes of vibration were fixed at 
reasonable values. 
It proved to be impossible to refine the C-N-C and 
the X-C-H angles while the other angles were refining so 
they were fixed at 111.5 0 (approximately the value found 
in dimethylamine and trimethylamine )and 109.5 ° respect-
ively. 
A plot of R   against the dihedral angle between an 
(0)C-H bond and the N-0 bond shows the minimum to occur at 
approximately 0 ° , i.e. the methyl group is staggered 
relative to the N-0 bond (Figure 2.18). 
was plotted against the dihedral angle between an 
MC-H bond and the opposing N-C bond: (1) with the 
N(CH3 ) 2 moiety retaining C 5 symmetry; (2) with the 
N(CH 3 ) 2 moiety retaining C2 symmetry (Figure 2.19). In both 
cases it is clear that the minimum R occurs at approx-
imately 0° , i.e. where the CH  groups are staggered 
relative to the opposing N-C bond and the N(CH 3 ) moiety 
has C 2 symmetry. Using Walter C. Hamilton's significance 
tests one can reject any twist away from C 2 symmetry of 
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greater than 15 ° with 99% certainty. 
A plot of R  against the dihedral angle between the 
C-O bond and the bisector of the C-N-C angle shows the 
minimum R   to occur at 00,  i.e. where the C-0 bond is 
trans to the bisector of the C-N-C angle (Figure 2.20). 
2.3 Models with Two Conformers in the System 
In order to test for the possibility of the occurrence 
of more than one conformational isomer in the systems 
studied a second molecular model was used for the purpose 
of least squares refinement in all the hydroxylamines apart 
from N-methyl hydroxylamine. This model allowed the 
system to contain two conformers. 
The same assumptions and constraints were applied to 
these models as to the comparable single conformer models. 
The conformers were assumed to be identical apart 
from the dihedral angle between the 0-C bond and the 
bisector of the R-N-R' angle (R = C,H). 
N-methyl hydroxylamine was omitted for two reasons: 
the atom pair which would have a major role in 
determining the dihedral angle contains a hydrogen 
instead of 	carbon; 
the only data set collected was taken at a camera 
height of 190 mm;therefore the information at low S 
values was absent and the distances between widely 
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separated atom pairs would not be well determined. 
2.3.1 0-methyl hydroxylamine 
The plot of R   against the dihedral angle between the 
C-O bond and the bisector of the H-N-H angle (Figure 2.10) 
using a model which assumes only one conformer in the 
system gives no indication that there may be a second 
conformer in the system. HoweverRadom et al suggest that 
the second most likely conformer to exist has a dihedral 
angle of 180 0 (la)so it was decided to test for the 
existence of this. 
A plot of R 0 against the percentage of the first 
conformer where the first conformer has a dihedral angle of 
00 (lb) and the second conformer has a dihedral angle of 
1800 (la) shows the minimum R   to be at about 95% of 
conformer one (Figure 2.11). However,RG  is not very 
sensitive to changes in the percentage of conformer one in 
this area and using W.C. Hamilton's 10 significance tests 
one can only say there is less than 20% of the second 
conformer with 90% certainty. 
In view of the failure to demonstrate the existence 
of more than one conformer the final refinements were 
carried out with only one conformer. 
2.3.2 N,0-dimethyl hydroxylamine 
The plot of R   against the dihedral angle between the 
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0-C bond and the bisector of the H-N-C angle using a model 
which assumes there is only one conformer in the system 
has several minima. This may mean that there is more 
than one conformer in the system but to confirm this it is 
necessary to use a model for the system which allows more 
than one conformer to exist. 
A plot of R  against the dihedral angle in the second 
conformer, where the first conformer is assumed to exist in 
80% concentration and have a dihedral angle of 0 ° , shows 
two clear minima at 1950  and 550  and a broad minimum 
between 320° and 345 (Figure 2.16). 
Plots of R 0 against the percentage of the first 
conformer, where the first conformer has a dihedral angle 
of 00 and the second conformer has a dihedral angle of 
550, 
195 0 or 
3350  result in minima at 714%,  81% and 78% 
respectively (Figure 2.17). 
Onfurther refinement of the three options ) the minimum 
R  for the systems with second conformers with dihedral 
angles of 550,  195 ° and 335 were 14.89%, 5.21% and 7.25% 
respectively. 
Clearly the most important factor in determining the 
dihedral angle is the C.. . C distance and this distance for 
00, 550, 195 0 and 3350  is 331.14 pm, 276.3 pm, 278.2 pm 
and 3145.6 pm respectively. It seems probable therefore 
that the reason the conformers with dihedral angles of 550 
and 195 ° both show up well is that they coincidentally have 
approximately the same C... C distance. This does not of 
course completely rule out the possibility that both 
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conformers do in fact exist in the system. 
Using Hamilton's 10 significance tests we can dismiss 
all two conformer systems apart from the systems containing 
conformers with dihedral angles of 00  and 550  with 99.5% 
certainty.. It is of course impossible to dismiss any 
three or more conformer systems on this evidence. 
The final parameters are in Table 2.9, the final 
corr.elation matrix in Table 2.8, and the intensity and 
difference curves in Figure 2.5. 
2.3.3 N,N,®-trimethyl hydroxylamine 
The plot of R   against the dihedral angle between 
the C-0 bond and the bisector of the C-N-C angle, using a 
model which assumes the system contains only one conformer, 
has several minima which may imply that there is more than 
one conformer in the system but this can only be demonstrated 
by using a more complete model. 
A plot of R   against the dihedral angle in the second 
conformer, where the first conformer has a dihedral angle 
of 00  and is assumed to exist in 80% concentration shows 
minima at dihedral angles of 55 ° and 1800 (Figure 2.21). 
A plot of R   against the percentage of the conformer 
with a dihedral angle of 0 ° where the dihedral angle in 
the other conformer is either 55 0 or 180 0 shows that in both 
systems the minimum occurs in the 82-86% region and the 
minimum R   in the two systems is fairly similar (Figure 
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2.22). 
Although the system where the second conformer has a 
dihedral angle of 180° gives the lower R one can only 
reject the hypothesis that there is a two-conformer system 
with dihedral angles of 0 0  and 55 0 with about 85% 
certainty. 
It is possible to reject the possibility that there 
is only one conformer in the system with 95% certainty 
but not with 99% certainty. 
The final parameters are in Table 2.11, the final 
correlation matrix in Table 2.10 and the intensity and 
difference curves in Figure 2.7. 
2.4 Discussion 
The major bond lengths and angles found in 0-methyl 
hydroxylamine, N-methyl hydroxylamine, N, 0-dimethyl 
hydroxylamine and NNO-trimethyl hydr.oxylamine are shown 
in Table 2.1 . For completeness the table also gives the 
results of a microwave study of hydroxylamine itself. 
2.4.1 C-N bondlength: 
The C-N bond found for these hydroxylamines of between 
1 142.0 and 114 14.2 pm is rather shorter than one would expect 
on comparison with comparable amines and hydrazines. For 
example in methylamine 12 the C-N bondlength is 1 146.7 pm, 
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in dimethylamine 13 it is 1145.6 pm, and in 1,2-dimethyl 
hydrazine it is 1146.3 pin' 14 . The C-N bondlength in 
tetrakis(trifluoromethyl)hydrazine at 1143.3 pm 15 is in 
the range found for the hydroxylamines but this can be 
explained by the electronegative fluorine atoms increasing 
the + charge on the carbon atoms thereby increasing the 
coulombic attraction across the C-N bond and shortening 
it. One would expect the opposite to happen when the more 
electronegative oxygen atom is attached to the other end 
of the bond. 
However it is interesting to note that in determining 
the structure of N,N-bis(trifluoromethyl)hydroxylamine, 
Sheidrick et a1 16 fixed the C-N bondlength at 1143.5 pm 
because if it was refined together with the N-O bondlength 
it led to what was considered to be the unreasonably short 
C-N bondlength of about 1141 pm, i.e. about 2-3 pm shorter 
than in comparable molecules such as tetrakis(trifluoro-
methyl)hydrazine where the C-N bondlength is 1143.3 pm 15 . 
The lengthening of the C-N bond. in N,O-dimethyl and 
N,N,O-trimethyl hydroxylamine compared with N-methyl 
hydroxylamine may be caused by the increased steric strain 
arising from greater crowding round the nitrogen atom as 
more methyl groups are added. 
Barte11 17 observed that bond angles in ethylene 
derivatives and related molecules can be correlated with a 
simple "hard sphere" model in which atomic positions are 
presumed to be governed by the sizes of spherical atoms 
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packed around a given atom. These indicate, for example, 
that the shortening of carbon-carbon single bonds in un-
saturated hydrocarbons may be principally attributable to 
the relaxation of nonbonded repulsions across d,gonal or 
trigonal bonds as compared with tetrahedral bonds. It is 
calculated that the C-C bond shortening in isobutylene 
relative to saturated hydrocarbons should be about 3 pm. 
This does not mean that two atoms cannot approach 
within the sum of their "hard sphere radii", a case in point 
being C 2 (CN) 8 where the short bonds necessitate closer 
approach of the atoms; what it does suggest is that when 
the atoms do approach within the sum of their hard sphere 
radii it is at a substantial cost in energy and lengthening 
of bonds or bending of angles to relieve this strain may 
be energetically favoured. 
The hard sphere radii calculated by Bartell for 
H, C, N, 0 are 92 pm, 125 pm, 11 14 pm and 113 pm 
respectively. 
The sum of the hard sphere radii of carbon and oxygen 
is 238 pm and the C ... 0 distances in N-methyl, N,0-methyl 
and N,N,0-methyl hydroxylamine are 2314.0, 232.2 and 
230.7 pm respectively. This suggests that as the molecule 
gets more crowded the carbon and oxygen atoms are forced 
to approach within the sum of their "hard sphere radii" 
and the C-N bondlength gets longer in order to reduce the 
resultant steric strain. 
2. 14.2 C-0 bondlength: 
The C-0 bondlengths found in these, hydroxylamines are 
rather shorter than in similar ethers. For example, in 
dimethyl ether the C-0 bondlength is 1141.8 pm 
19  and in 
tetrahydrofuran 'it is 1142.820. 
Carbon oxygen bondlengths do appear to be sensitive to 
changes in the electronegativity of the substituents. For 
example the mean C-0 bondlength in dimethoxymethane is 
1 1 0.3 Pm 21 suggesting that the CH 2-O bondlength is about 
139 pm (assuming that the CH 3O bondlength is approximately 
the same as in dimethyl ether), i.e. nearly 3 pm shorter 
than in dimethyl ether. However one would expect the 
substitution of the more electronegative nitrogen for the 
carbon at the negative (i.e. oxygen) end of the bond to 
reduce the ionic character of the bond. 
The answer may lie with Radom et al's 3 explanation of 
the results found in their ab initio molecular orbital study 
of simple hydroxylamines. The suggestion is that the cis 
and trans forms (la and lb) are energetically more stable 
than any other conformation due to favourable delocalisation 
of the lone pair electrons on nitrogen into the sigma system 
of oxygen. This would give rise to an increased negative 
charge on the oxygen' thereby increasing the coulombic 
attraction across the C-0 bond and shortening' of the bond. 
The shortening of the C-0 bond in the series 0-methyl 
hydroxylamine, N,0-dimethyl hydroxylamine and N,N,0-
trimethyl hydroxylamine may be explicable due to a reduction 
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in the steric strain around the oxygen. As methyl groups 
are added to the nitrogen atom the N-O bond gets longer. 
As the C ... N distance in all three molecules is less than 
the sum of the hard sphere radii at 239 pm (231.6 pm, 233.8 
pm, 233.7 pm in 0-methyl, N,0-dimethyl and N,N,0-trimethyl 
hydroxylamine respectively) there will inevitably be some 
steric strain which will be liable to lengthen the C-0 
bondlength. Where the N-O bond is longer this is likely 
to reduce the strain and could result in the C-0 bond 
becoming shorter. 
If this is true, however, it is surprising that there 
is no sign of any changes in the N-0-C angle. One would 
expect this angle to be wider in the more strained molecule. 
However in the two molecules in which this angle was 
refinable the angles were the same within experimental 
error. 
2.4L3 I'J-0 bondlength: 
There is clearly a tendency for the N-O bond to get 
longer as methyl groups are substituted for hydrogen in 
the methyl hydroxylamines. The bondlengths range from 
1 145.3 Pm 11 in hydroxylamine itself to 151.3 pm in N,N,O-
trimethyl hydroxylamine. This trend can be explained by 
invoking two different effects. The first is the 
lessening of the ionic character in the bond when the 
relatively less electronegative methyl groups are 
substituted for hydrogen on the nitrogen, thereby reducing 
the positive charge on the nitrogen and the coulombic 
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attraction across the bond. As an example of the opposite 
effect theN-0 bondlength in N,N,bis(trifluoromethyl)-
hyd roxy lami ne lô is 140 pm showing that the substitution of 
more electronegative groups on the nitrogen has the effect 
of shortening the bond. It also appears to demonstrate 
that the N-0 bond is very sensitive to the electronegativity 
of the group on the nitrogen. 
Secondly,there is the effect of steric strain as the 
crowding round the nitrogen atom increases. The sum of 
the hard sphere radii of carbon and oxygen is 238 pm while 
the actual C.. .0 distances in N-methyl, N.,0-dimethyl and 
N,N,0-trimethyl hydroxylamine are 23 14.0, 232.2 and 230.7 pm 
respectively, so there is clearly an increase in the steric 
strain along - the series. It therefore seems probable that 
the increase in the N-O bondlength occurs because it has 
the effect of lessening this strain. 
2.14.4 C-H bondlength: 
In comparison with the C-H bondlength in ethane of 
111.2 pm 22  the C-H bondlengths found in 0-methyl hydroxyl-
amine and N,N,0-trimethyl hydroxylamine are rather greater 
than might be expected. However the significance of these 
results must be reduced by the assumptions made in the 
molecular model that the X-C-H angle is always 109.5 ° and 
that all the C-H bondlengths in any given molecule are 
identical. 
An attempt was made to refine the X-C-H angle in 0- 
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methyl and N,0-dimethyl hydroxylamine but this gave rise to 
unreasonably low values of around 103_104 0. 
2.4.5 N-H bondlength: 
The N-ft bondlength in ammonia is 103.0 Pm 23 which fits 
reasonably well with the bondlength found in 0-methyl 
hydroxylamine. The lower value found in N-methyl 
hydroxylamine not only has a rather high estimated standard 
deviation but its accuracy must also be adversely affected 
by the necessity to fix the 0-H bondlength at an estimated 
value. In the circumstances it is unlikely that this 
result is of any significance. 
2.4.6 C-N-U angle: 
The C-N-0 angles in the hydroxylamines are probably 
substantially determined by the extent of the crowding 
round the nitrogen. As the much larger methyl groups are 
substituted for hydrogen the amount of space available 
shrinks and the oxygen will be forced to occupy less 
space. It also seems likely that as the more electron 
donating methyl groups are substituted for hydrogen the 
greater negative charge on the nitrogen will result in the 
lone pair occupying relatively more space, again reducing 
the space available for the oxygen. 
This crowding of the oxygen results in the C.. .0 
distance coming well within the sum of the hard sphere radii 
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of carbon and oxygen. This is relieved to a certain extent 
by the lengthening of the C-N and N-0 bonds in the more 
crowded hydroxylamine thereby trading off some lengthening 
of these bonds from their optimum length against the high 
energy cost of squeezing the carbon and oxygen atoms too 
closely together. 
In N,N-bis(trifluoromethyl)hydroxylamine the C-N-O 
angle is substantially wider than in the hydroxylamines at 
111.3 0 . However this is probably due to the electron with-
drawing character of the trifluoro-methyl group which will 
reduce the negative charge on the nitrogen and tend to make 
the lone pair less stereochemically significant thereby 
leaving more space for the other three groups around the 
nitrogen. 
2.1.7 N-O-C angle: 
The N-0-C angles in these hydroxylamines do not differ 
markedly from the tetrahedral angle.. They are rather 
narrower than the C-0-C angle in dimethyl ether at 111.5019 
but this may be due to the smaller size of the nitrogen 
atom relative to carbon. 
The change in the angle on going from 0-methyl 
hydroxylamine to N,N,0-trimethyl hydroxylamine is unlikely 
to be significant as it is less than the estimated standard 
deviations. 
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2.4L& Dihedral angle between N-0 bond and (0)C-H bond: 
In the two molecules where this parameter was not 
fixed, 0-methyl hydroxylamine + N,N,0-trimethyl hydro- 
xylamine, the expected result was found, i.e. that the methyl 
group is staggered relative to the N-0 bond. 
2.4.9 Dihedral angle between N-X(XC,H) bond and (N)C-H bond: 
This parameter was tested for in all three N-methyl 
hydroxylamines and in only the N,N,0-trimethyl hydroxylamine 
was the methyl group found to be staggered relative to the 
N-X bond. In N-methyl hydroxylamine the lowest R occurs 
when the group is either staggered or eclipsed. The 
eclipsed form gives a slightly lower R   but it is impossible 
to reject the hypothesis that the molecule exists in the 
staggered form with 90% confidence. In N,0-dimethyl 
hydroxylamine the minimum R   occurs where the angle is 300, 
i.e. the methyl group is halfway between being eclipsed and 
staggered. Using W.C. Hamilton's 10  significance tests 
the hypothesis that the molecule has 'a staggered 
conformation can be rejected at the 99% confidence level. 
These results are rather surprising as Radom et al in 
a.b initio calculations of the potential functions for 
internal rotations found that all rotations of a methyl 
group tested could be described using a simple threefold 
potential function and that in each case the staggered con-
formation was substantially favoured over the eclipsed. 
In the light of this the result in N,0-dirnethyl 
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hydroxylamine seems unlikely. 
2.4.10 Dihedral angle between the 0-0 bond and the bisector 
of the R-N-R' angle (R,R' = C,H): 
The result of this study is that in all except N- 
- methyl hydroxylamine the most common conformer is that in 
which the dihedral angle is 00,  i.e. the 0-C bond is trans 
to the bisector of the R-N-R' as is predicted by theory for 
hydroxylamine itself and for the two monomethyl hydro-
xylamines. 
The fact that N-methyl hydroxylamine gives a different 
result loses some significance for two reasons: firstly,  
the dihedral angle is determined by the position of a 
hydrogen atom rather than the more readily visible methyl 
group; and secondly ) data was only collected at one camera 
height, 190 mm, because of problems with the sample. 
Tests for the possible existence of a second conformer 
gave rather different results for the three compounds. In 
0-methyl hydroxylamine the evidence is not conclusive one 
way or the other. It is possible that there may be a small 
amount of a second conformer ,but on this evidence it cannot 
be said with any confidence. 
In N,0.-dimethyl and N,N,0-trimethyl hydroxylamine, 
however, there would appear to be about 20% of at least one 
other conformer present in the system. The indications in 
N,0-dimethyl hydroxylamine are that if there is only one 
other conformer in the system then it has a dihedral angle 
of 55 ° . In N,N-,0-trimethyl hydroxylamine ) the evidence 
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slightly favours the second conformer having a dihedral 
angle of 1800 although one cannot dismiss the possibility 
that it has a dihedral angle of 550• 
The ab initio molecular orbital calculations 3 suggest 
that for the smaller hydroxylamines at least, the energy 
difference between the conformer with a dihedral energy of 
00 and any other conformer is so great that only one 
conformer should exist in the system. 
For the smaller hydroxylamines the only other minimum 
predicted in the potential function to internal rotation 
occurs at a dihedral angle of 1800  and the difference in 
energy between this and the 0 ° conformation is 33.614 kJ mol, 
28.18 kJ mol 	and 29.19 kJ mol 	for hydroxylamine, 0- 
methyl hydroxylamine and N-methyl hydroxylamine respectively. 
These energy differences are almost an order to magnitude 
too high for there to be any possibility of finding a second 
conformer by electron diffraction techniques. 
As this study has not provided any evidence that these 
results are wrong it seems necessary to find a reason why 
the difference in energy between the lowest energy conforma-
tion and the next lowest energy conformation is so much 
less in the dimethyl and trimethyl hydroxylamines. 
If we assume that there is a 73.27 split in the N,0-
dimethyl hydroxylamine then the energy difference is about 
2.0 kJ mol 	and even if we assume that there are three 
conformers of which the second and third occur with equal 
probability the energy difference goes up to 3.5 kJ mol. 
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If we assume that there is an 83.17 split in N,N,0-
trimethyl hydroxylamine and that the second conformer has 
a dihedral angle of 180 0 (i.e. a multiplicity of one) then 
the energy difference is 3.0 kJ mo1 2 while if we assume 
that the second conformer has a dihedral angle of 550 
(i.e. multiplicity of two) then the energy difference is 
.l kJ mol. 
The energy difference between. the most stable and the 
next most stable conformers in the dimethyl and trimethyl 
is therefore about one tenth that in the monomethyl hydro-
xylamines. 
If the details of Radom et al's ab initio 3 molecular 
orbital calculations are examined,this may provide, us with 
an answer to the reduction in the energy difference between 
the trans form of the hydroxylamines and the next most 
stable conformation. 
In their calculations Radom et al used a truncated 
polynomial of the form: 
V() (1-cos ) + 	(1-cos 24) + 	(1-cos 3) 
to describe the potential function for internal rotation 
a.bout the N-0 bond. 
In hydroxylamine itself it was found that V 3 is small 
and negative, indicating that staggered forms are preferred 
(dihedral angle = 60 0 , 180 0 1  300 0 ), V2 is large and 
positive, indicating that cis and trans conformations are 
preferred (dihedral = 00, 180 0 ) and that V 1 is large and 
47 
positive indicating that the trans form is preferred 
(dihedral = QO) 
The suggested explanation for the size and sign of V 2 
is that when the molecule occupies the cis or trans con-
formation a possible interaction is the donation of the 
nitrogen lone pair electrons into the oxygen sigma system. 
The suggested reason for the size and sign of V 1 is 
that when the molecule occupies the trans conformation there 
is a favourable dipole-dipole interaction as the net dipole 
moments of the nitrogen and oxygen lone pairs are 
antiparallel. 
As more methyl groups are substituted for hydrogen 
atoms the staggered form would be more favoured (V 3 would 
get more negative) because the st.eric interactions as bonds 
and lone pairs eclipsed one another would become greater 
when the groups are bigger. There is some evidence for this 
in the calculations as V 3 is -0.84 kcal mo1, -1.75 kcal 
mol 	and -1.08 kcal mo1 1 in hydroxylamine,O-methyl 
hydroxylamine and N-methyl hydroxylarnine respectively. 
It is found that when fluorine atoms are added to the 
hydroxylamine V 2 increases particularly if the fluorine is 
added to the oxygen atom. This appears to be because the 
electron withdrawing fluorine seems to increase the 
propensity of the nitrogen lone pair to interact with the 
oxygen sigma system. One would therefore expect the 
electron donating methyl groups to have the opposite effect. 
I•] 
This would appear to be the case, at least so far as 
the addition of a methyl group to the oxygen is concerned, 
as V 2 is 6.62 kcal mol, 5.65 kcal mo1 	and 6.65 kcal mol 
in hydroxylarnine, 0-methyl hydroxylamine and N-methyl 
hydroxylamine respectively. One would therefore expect the 
substitution of methyl groups for hydrogen atoms to dis-
favour cis and trans conformations because of the lower 
level of interaction between the nitrogen lone pair and 
the oxygen sigma system. 
However, thus far one would expect that N,N,0-trimethyl 
hydroxylamine would have the least stable conformer with a 
dihedral angle of 0 ° relative to other conformations due 
to the increased steric interactions and the maximum number 
of electron donating methyl groups whereas it is found 
experimentally that it is N,O-dimethyl hydroxylamine which 
has the least energetically stable 00  conformation. 
This may be because in an asymmetric hydroxylamine the 
net lone pair dipole moments on the nitrogen and oxygen 
are not exactly antiparallel when the dihedral angle is 
thereby reducing the amount of the stabilisation of the 0 ° 
form. 
There is evidence for this suggestion in the V 1 values 
for N-methyl and 0-methyl hydroxylamine which are 
8.03 kcal mol 	and- 8.47 kcal mol 	respectively, the 
asymmetric hydroxylamine having a lower V 1 and therefore 
a 00 form which is stabilised to a lesser extent by the 
dipole-dipole interaction. 
In summary therefore 7 it would appear that the trend in 
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V 3 when methyl groups are substituted for hydrogen atoms 
favours dihedral angles of 60 , 180 and 300 0 , the trend in 
V 2 disfavours 0 ° and 180° and between them they are likely 
to bring the staggered conformations closer in energy to 
the 00 conformation. It also seems likely that in an 
asymmetric hydroxylamine the trans form will be less 
favoured due to the effect on V 1 of the net lone pair dipole 
moments no longer being antiparallel at 00 . 
These factors taken together would appear to go some 
way towards explaining the existence of second conformers 
in N,0 dimethyl and N,N,0-trimethyl hydroxylamine and the 
fact that there appears to be more of the second conformer 
in N,0-dimethyl hydroxylamine. 
Unfortunately 9 it is not possible to predict whether 
the second conformer has a dihedral angle of 550  or 1800  as 
both forms are favoured by the changes, the 550  form rather 
more than the 180 0 but starting from a lower base. 
The explanation of the changes involved also goes some 
way to explaining some other features of the system. As V 2 
decreases and -there is less interaction between the nitrogen 
lone pair and the oxygen sigma systemone would expect the 
N-0 bond to get longer and the 0-N-R angles to get narrower. 
It is in fact the case that the N-0 bond gets much longer and 
the 0-N-R angle much narrower as methyl groups are substi-
tuted for hydrogen atoms. This predicted lessening of the 
interaction between the nitrogen lone pair and the oxygen 
sigma system in concert with the steric and electronic 
explanations suggested earlier would appear to explain the 
large changes in these parameters. 
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Comparison of structures of hydroxylamine derivatives 
Compound 	NH 2OH 	NH2OMe 	MeNHOH 	MeNHOMe 	Me 2NOMe 
r(C-N.)/pm 	 142.0(4) 	143.9(1 14) 	1)4)4.2(5) 
r(C-0)/pm 	 138.8(4) 	 137.4(8) 	135.0(6) 
r(N-0)/pm 	145.3(2) 	146.3(3) 	147.7(2) 	1149.6(9) 	151.3(9) 
107.7(2) 104.5(2) 	102.6(7) 
108.7(3) 	 [109] 	109.3(12) 




Compound 	Sample temp/k 	Nozzle temp/k 	pm 
NH 2OCH 3 324 3144 5.661 
CH 3NHOH 273 295 5.661 
CH 3NHOCH 3 250 295 5.674 
(CH 3 ) 2NOCH 3 228 295 5.674 
Table 2.3 
Weighting functions, correlation parameters and scale factors 
Compound Height 
(mm) 











NH 2OCH 3 190 14 88 96 332 348 0.14598 1.054(32) 
580 2 24 30 128 1314 0.14888 0.646(17) 
CH 3 NHOH 190 4 96 108 322 348 0.1662 0.812(23) 
CH 3NHOCH 3 190 14 88 96 260 280 0.3677 0.231(10) 
580 2 28 32 128 134 0.)4013 0.861(8) 
(CH 3 ) 2NOCH 3 190 4 814 96 21414 260 0.4338 1.175(143) 




Table 2. 14 
0-methyl hydroxylamine 
Correlation matrix xlOO 
r 1 	r2 	r3 	r14 < 2 	<3 	
U 2 U 5 U7 	U 
1 
. 	 k 	k 1 2 
100 	148 ... 14Q 69 
100 
100 	-51 614 
100 147 _142 -72 









Final parameters for 0-methyl hydroxylamine 














r 1 (N-H) 1.02.8 	- 	1.14 
r 2 (C-H) 115.6 +1.1 
r3(N-O) 1146.3 ± 0.3 
r 14 (C-O) 138.8 	+ 	0.4 
Independent angles 
< 1 (H-N-H) 103.00 (fixed) 
< 2 (H-N-0) 101.99 - 	1.28 
< 3 (N-0-C) 108.66 - 	0.32 
< 14 (0-C-H) 	 109.50 (fixed) 
< 5 (dihedral angle between CO bond and bisector of H-N-H angle) 
0.00 (see text) 
< 6 (dihedral angle between NO bond and CH bond) 
0.00 (see text) 
Dependent distances 
d 5 	(0. . .H) 195.5 + 1.6 8.0 ± 1.2 
d 6 	(0.. .H) 208.1 ± 0.9 8.0 (tied to u 5 ) 
d 7 	(N. . .C) 231.6 + 0.9 8.6 ± 0.8 
d8 	(N ... H) 257.3 ± 1.5 16.2 + . 3.9 
d 9 	(N ... H) 257.3 -- 1.6 16.2 (tied to u8 ) 
d 10 (N. N- H) 333.9 ± 1.6 16.2 
II 
d 11 (C. . .H) 297.1 - 1.2 16.2 U 
d 12 (C. . .H) 277.0 + 1.6 16.2 it 
d 13 (H ... N) 300.8 ± 1.6 20.0 (fixed) 
d114 (H ... H) 3147.6 + 2.14 20.0 
d 15 (H. . .H) 388.9 - 1.8 20.0 
d 16 (H. . .H) 3147.6 + 2.14 20.0 
d 17 (H. . .H) 300.8 + 2.2 20.0 
d 18 (H. . .H) 388.9 - 1.8 20.0 
d19 (H ... H) 161.0 - 2.7 12.0 
d 20 (H ... H) 188.7 + 2.0 12.0 
Table 2.6 
N-methyl hydroxylamine 
Correlation matrix xlOO 
r 1 	r2 	r3 r5 <2 	u2 	u6 	U8 	U11 k1 
100 	-81 	-72 -61 _145 -87 
100 	58 145 141 78 
100 75 63 85 
100 77 70 









Final parameters of N-methyl hydroxylamine 
Independent distances 
anharmonicity 
parameter 	distance/pm 	amplitude/pm 	constant 
N-C 1142.0 + 0.4 14.8 (fixed) 2.00 
N-0 1147.7 ± 0.2 14.8 (fixed) 2.00 
C-H 111.2 ± 0.9 7.14 ± 0.6 2.00 
0-H 95.0 (fixed) 6.8 (fixed) 2.00 
N-H 98.2 + 1.5 6.9 (fixed) 2.00 
Independent angles 
Parameter angle! ° 
H-N-C 108.00 (fixed) 
C-N-0 107.72 ± 0.21 
N-0-H 103.00 (fixed) 
N-C-H 109.50 (fixed) 
Dependent parameters 
parameter distance/pm amplitude/pm 
d 6 N.. .H 2 207.5 + 0.6 8.5 + 0.7 
d7 N ... H 5 192.8 + 0.3 8.5 (tied to u 6 ) 
d 8  C-0 
2314.0 + 0.6 . 	7.9 + 0.3 
d 9 C ... H1 19.6.1 + 0.9 8.5 (tied to u 6 ) 
d 10 H2 ..H 3 181.5 - 1.14 12.0 (fixed) 
d 11 0.. .H 308.6 ± 0.8 11.3 -i. 	1.6 
d 12 0.. .H 3 226.9 + 0.8 11.3 (tied to u 11 ) 
d 13 0.. .H 14 310.2 ± 1.1 11.3 " 
d 114 C ... I1 258. 14 - 0.8 11.3 it 
d 15 0.. .H 1 200.7 ± 1.2 8.5 (tied to u 6 ) 
d 16 H. . .H 208.1 - 0.7 16.0 (fixed) 
d 17 H ... H 210.0 + 0.6 16.0 it 
d 18 H ... H 268.1 + 1.5 16.0 
d19 H.. .H 273.5 + 1.6 16.0 
d20 H.. .H 306.5 ± 1.2 20.0 
d 21 H. . .H 238. 14 + 0.8 20.0 
d22 H.. .H 3514.5 - 0.9 20.0 
Table 2.8 
N,0-dimethyl hydroxylamine 
Correlation matrix xlOO 
r 1 	r 2 	r 3 	r14 	<2 	U6 	U10 	U 13 	k 1 	k 2 
100 	-90 -89 	42 59 
100 
100 	72 -50 -63 _)4)4 	 52 
100 	-55 









N,0-dimethyl hydroxylamine - molecular parameters 
Independent distances 
Anharmonicity 
Distance/pm Amplitude/pm constant 
r1(N-C) 1143.9 + 	1.14 4.8 (fixed) 2.00 
r 2 (C-H) 111.8 + 0.3 8.11 (fixed) 2.00 
r 3 (N-0) 1149.6 + 0.9 14.8 (fixed) 2.00 
r 14 (C-0) 137.14 ± 0.8 4.8 (fixed) 2.00 
r 5 (N-H) 100.3 (fixed) 6.9 (fixed) 2.00 
Independent angles 
< 1 (H-N-C) 	 107.0 (fixed) 
10 14.51(+ 0.2.) 
< 3 (N-.O-C) 	 109.00 (fixed) 
< 14 (0-C-H) 109.149 (fixed) 
< 5 (dihedral angle-between bisector of <H-N-C and C-a bond 
in conformer 1) 	 0.00 (see text) 
< 6 (djthJ angle between bisector of <H-N-C and C-0 bond 
in conformer 2) 	 550 	(see text) 
< 7 (percentage of first conformer) 
70.00 (see text) 
< 8 (du1eth'a1 angle between N-0 bond and (N)C-H bond) 
30.00 (see text) 
< 9 (dihedral angle between N-0 bond and (0)C-H bond) 
0.00 (see text) 
(cont.) 
(C) Dependent distances 
Distance/pm Amplitude/pm 
d 6 	(C.. .0) 232.2 ± 0.9 9.6 + 0.6 
d7 
	
(N.. .0 233.8 + 1.8 9.6 (tied to u 6 ) 
d 8 	(0.. .H5 ) 204.0 + 0.8 10.9 (tied to u10 ) 
d 9 	(0.. .H 1 ) 199.9 ± 0.7 10.9 it 
d10 (N. ...H 2 ) 209.6 + 1.2 10.9 + 0.9 
d 11 (C 1 . . .H 1 ) 198.1 ± 1.14 10.9 (tied to u 10 ) 
d 12 (H 2 . . .H 3 ) 182.5 ± 0.6 12.0 (fixed) 
d13(C1 ... C
2 ) 331.4 + 0.6 11.6 ± 1.4 
d 14 (C 2 . . .H 1 ) 297.3 + 1.1 15.2 (fixed) 
d15 (0. . .H 2 ) 273.6 -s- 1.1 15.2 if 
d 16 (0. . .H 3 ) 237.4 ± 1.2 15.2 It 
d 17 (0. . .H 4 ) 329. 14 ± 0.8 15.2 
d18 (N ... H 5 ) 332.9 ± 1.14 15.2 
d19 (N. . .H 6 ) 257.1 + 1.1 15.2 
d 20 (N. . .H7 ) 257.2 ± 1.1 15.2 
d 21 (C 1 . . .H 5 ) 1417.4 ± 0.8 20.0 
d22 (C 1 . . .H 6 ) 325.3 ± 0.5 20.0 
d 23 (C 1 ...H7 ) 384.5 ± 0.8 20.0 
.H 2 ) 397.9 + 0.9 20.0 
d 25 (C 2 . . .H 3 ) 316.3 -i- 0.8 20.0 U 
d 26 (C 2 . . .H 6 ) 1409.4 + 0.6 20.0 
d27 (C 1 . . .C 2 ) 276.3 ± 0.6 11.6 (tied to u 13 ) 
d 28 (C 2 . . .H 1 ) 315.8 + 1.1 15.2 (fixed) 
d 29 (C 1 .. .H 5 ) 374.8 + 0.9 20.0 
d30 (C 1 . . .H6 ) 236.8 ± 0.9 20.0 
d 31 (C 1 . . .H 7 ) 321.8 -s- 0.5 20.0 
d 32 (C 2 . . .H 2 ) 343.6 ± 0.9 20.0 
d33 (C 2 . . .H 3 ) 226.0 ± 0.9 20.0 
d34 (C 2 . . .H 4 ) 361.1 + 0.8 20.0 
d27-d 34 refer to interatomic distances in conformer 2. 
59 
Table 2. 10 
N, N, 0-trimethyl hydroxylamirie 
Correlation matrix xlOO 
r 1 	r2 	r3 r1 
< 2 	<7 
u5 U6 	U11 U13 	k1 	k2 
100 	-69 -41 _140 
100 	147 67 514 	-63 











N,N,O-trimethyl hydroxylamine - molecular parameters 
Independent distances 
Anharmoni city 
Distance/pm Amplitude/pm constant 
r 1 (C-N) 1 14 14.2 + 0.5 14.8 (fixed) 2.00 
r 2 (C.-H) 113.5 -i- 	0.6 7.5 (fixed) 2.00 
r 3 (N-O) 151.3 -+- 	0.9 14.8 (fixed) 2.00 
r 14 (O-C) 135.0 -s- 	0.6 14.8 (fixed) 2.00 
Independent angles 
< 1 (C-N-C) 	 111.5 (fixed) 
<20) 102.61 + 0.714 
< 3 (N-0-C) 	 109.29 ± 1.16 
< 14 (N-C-H) 109.5 (fixed) 
< 5 (dihedral between CNC bisector and CO bond in first 
conformer) 	 0O  (see text) 
< 6 (dihedral between CNC bisector and CO bond in second 
conformer) 	 1800 (see text) 
<7 (percentage of first conformer) 
80% (see text) 
< 8 (dihedral angle between (0)C-H bond and NO bond) 
00 (see text) 
< 9 (dihedral angle between (N)C-H bond and NO bond) 
5° (see text) 
(cont. ) 
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(C) Dependent distances 
Distance/pm Amplitude/pm 
d 5 	(C2 .. .0) 230.7 ± 1.14 9.2 + 0.6 
d 6 	(N ... H 1 ) 211.2 + 0.8 8.1 + 0.9 
d 7 	(0.. .H 7 ) 203.2 ± 1.2 8.1 (tied to u 6 ) 
d 8 	(H1 .. .H 2 ) 185.3 ± 0.9 12.0 (fixed) 
d 9 	(N ... 0 3 ) 233.7 - 2.14 9.2 (tied to u 5 ) 
d 10 (C 1 . . .C) 238.4 - 1.2 9.2 
d 11 (0 1 .. .0 3 ) 326.9 - 1.5 16.3 - 	3.0 
d 12 (C 2 . . .C 3 ) 326.8 ± 1.5 16.3 (tied ' to u 11 ) 
d 13 (0. . .H 1 ) 2 147.1 - 2.0 12.0 ± 3.0 
d 114 (0. . .H 2 ) 333.1 + 1.2 12.0 (tied to u13 ) 
d 15 (0. . .H 3 ) 258.0 ± 0.6 12.0 
II 
d 16 (0. . .H) 331.6 - 1.2 12.0 it 
d 17 (0. . .H 5 ) 238.5 - 2.14 12.0 
d 18 (0. . .H6 ) 267.9 - 0.6 12.0 
d 19 (N ... H 7 ) 257.3 + 1.6 12.0 tT 
d 20 (N. . .H8 ) 257.3 ± 2.3 12.0 
d 21 (N. . .H9) 3314.7 ± 1.8 12.0 
d 22 (C 3 . . .H) 368.1 - 1.8 20.0 (fixed) 
d23 (C 3 .. .H 2 ) 1422.8 -4- 1.5 20.0 it 
d 214 (C 3 . . .H 3 ) 319.8 - 1.8 20.0 
d 25 (C 3 . . .H 14 ) 1426.0 + 2.2 20.0 
d 26 (C 3 . . .H 5 ) 357.6 ± 1.6 20.0 
d 27 (C 3 . . .H 6 ) 327.5 - 2.2 20.0 
d 28 (C 1 . - .H 14 ) 261.1 + 1.1 20.0 
d 29 (C 1 .. .H 5 ) 269.3 - 1.14 20.0 
d 30 (C 1 . . .H6 ) 336.5 + 1.2 20.0 
d 31 (C 1 . . .H7 ) 382.2 + 1.8 20.0 
d 32 (C 1 .. .H 8 ) 319.2 ± 2.6 20.0 
d 33 (C 1 . . .H 9 ) 14114.0 - 1.2 20.0 " 
d 314 (C 2 . . .H1 ) 261.1 - 1.1 20.0 
d 35 (C 2 . . .H2 ) 269.3 ± 1.14 20.0 
d 36 (C 2 . - .H 3 ) 336.5 ± 1.2 20.0 
d 37 (C 2 . . .H 7 ) 319.3 + 1.8 20.0 
d 38 (C 2 . . .H 8 ) 382.2 ± 1.8 20.0 
d 39 (C 2 . . .H 9 ) 14114.1 + 1.7 20.0 
(cont.) 
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Distances in minor conformer 
d 140 (C1 . . .c) 262.1 ± 0.9 16.3 (tied to u 11 ) 
d 141 (C 2 . . .C 3 ) 262.1 + 0.8 16.3 
d 142 (C 3 . . .H1 ) 215.0 + 1.2 20.0 
d 143 (C 3 . . .H 2 ) 363.6 + 1.14 20.0 
d(C 3 . . .H) 306.2 + 1.4 20.0 
d 145 (C 3 . . .H) 356.1 + 1.7 20.0 
d 146 (C 3 . . .H 5 ) 207. 14 + 1.2 20.0 
d 147 (C 3 . . .H 6 ) 319.8 ± 1.14 20.0 
d 148 (C 1 .. .H 7 ) 218.7 + 2.1 20.0 
d 149 (C 1 . . .H 8 ) 303.3 + 1.8 20.0 
d50 (C 1 .. .H 9 ) 365.0 ± 1.14 20.0 
d 51 (C 2 . . .H 7 ) 303.3 + 1.14 20.0 I ' 
d52 (C 2 .. .H8 ) 218.6 + 1.8 20.0 
d 53 (C 2 . . .H 9 ) 365.0 + 1.14 20.0 
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curves for H2NOCH 3 , calculated using scatter-
ing factors for N and 0 and a damping factor 
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Figure 2.T Obë ted arid - finat wetghted difference 
combined molecular scattering curve for 
H 2 NOCH 3 . 
bution 
curves for CH 3 NHOH, calculated using scatter-
ing factors for N and 0 and a damping factor 
of .000015 nm. 
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i Si 
Figure 2.3 Observed andfinal weight-t-d---dif-ference 
combined molecular scattering curve for 
CH 3 NHOH. 
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Figure 2.5 Observed and final weighted difference 
comIinëd idIëcQlar scat terngcurvefor 
CH3 NHOCH 3 . 
Dution 
curves for CH 3 NHOCH 3 , calculated using scatter-
ing factors for N and 0 and a damping factor 
of .000015 nm1. 
S 
I 
combined molecular scattering curve-for 
(CH 3 ) 2 NOCH 3 . 
-- 	 but ion 
curves for (CH 3 ) 2NOCH 3 , calculated using 
scattering factors for N and C and a damping 
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CHAPTER 3 
MOLECULAR STRUCTURES OF (SPF 2 ) 2CH 2 AND (SPF 2 ) 2 0 
3.1 Introduction 
Recent structural studies of molecules of the type 
(PF 2 ) 2Y have resulted in solutions with a variety of 
conformations about the PYbonds. In most of these 
molecules the favoured conformation appears to be that with 
C 2 symmetry where the bisector of the PF 2 group is trans to 
the opposite P-Y bond. (In all cases the dihedral angle of 
a PF 2 group in this conformation is equal to 00).  However) 
some of the studies show the existence of other 
conformational isomers. 
In (PF 2 ) 2 S1 and (PF 2 ) 2Se 2 the favoured conformation 
is approximately C 2 with dihedral angles of 00  and a low 
frequency oscillation of the PF 2 groups with a root mean 
square (r.m.s.) torsion angle of about 200. 
In (PF 2 ) 20 2 the best fit to the data is obtained using 
a mixture of four conformations with C 1 , C 21 C and C2 
symmetries. 
In (PF 2 ) 2 NCH 3 3 the favoured conformation is again that 
with C 2v  symmetry and dihedral angles of 0 ° . In this case 
the r.m.s. angles of torsional vibration are 10.140. Studies 
%of (PF 2 ) 2NSiH 3 2 and (PF2 ) 2NGeH 3 2 show slight (3.3 and 
8 . 2 0 respectively) deviations from C 2v  symmetry. However 2 
it seems likely that this is a shrinkage effect caused by 
the torsional vibrations. 
In (PF2 ) 2NH 14 1 however although the major conformation 
is again that with approximately 02v symmetry,there is a 
second conformational isomer in the system with a 
concentration of about 28%. In this conformer one PF 2 
group has a dihedral angle of about 0 ° while the other 
has a dihedral angle of around 60 ° . It is suggested that 
this second conformation may be stabilised by intramolecular 
hydrogen bonding as one of the H... F atom pairs approaches 
well within the sum of the hydrogen and fluorine van der 
Waal's radii. 
It has also been suggested that the conformations 
observed in the (PFNH(3-n) series of molecules can be 
explained by the stabilisation caused by the nitrogen and 
fluorine lone pairs being orthogonal. However this cannot 
explain the conformations found in (PF 2 ) 20, (PF 2 ) 2S and 
(PF 2 ) 2Se. It may therefore be interesting to discover the 
conformations adopted in systems of the same type 
containing phosphorus CV) rather than phosphorus (III). 
It may also be easier to determine the conformation of an 
SPF 2 group than a PF 2 group due. to the extra "visibility" 
of sulphur to electron diffraction. 
The (SPF 2 ) 2CH 2 used in the structure determination was 
supplied by Dr M. Tild of Brauchweig University. The 
(SPF 2 ) 20 used was prepared by the method described by T.L. 
Charlton and R.G. Cavell 25  using difluorodithiophosphoric 
acid and dimethylaminophosphoryl difluoride. 
3.2 Molecular Models and Refinements 
3.2.1 	(SPF 2 ) 2 0H 2 : 
The molecular model used to describe (SPF2)2CH2 
T 
for the purpose of least squares refinement of the 
independent parameters used the following assumptions. 
that the -PSF 2 groups are identical and have local 
Cs symmetry; and 
that the P 2 CH 2 group has local C 2 symmetry. 
Using these assumptions the molecule can be described 
using 11 geometrical parameters. Those chosen were: the 
P-C, P-S, P-F and C-H bondlengths; the F-P-F, F-P-C, 
P-C-P, H-C-H, S-P-C and two dihedral angles. The dihedral 
angles are those between the P-S and opposite P-C bonds 
defined to equal 0 0  when the P-S bonds are cis to the P-C 
bonds. 
In view of the possible existence of more than one 
conformational isomer in the system the model included the 
option of having up to four conformational isomers. It was 
assumed that these isomers were identical apart from the 
dihedral angles between the P-S and P-C bonds. 
On examination of the radial dtstribution curve 
(Figure 3.1) it is clear that the P-C and P-S distances 
both lie under the peak centred around 185 pm and the five 
major two-bond distances lie under a series of peaks and 
shoulders between 230 and 320 pm. In these circumstances 
it proved to be impossible to refineall the amplitudes of 
vibration and structural parameters independently. The 
following constraints were therefore applied to the system. 
(a) The amplitude of vibration associated with the P-C 
bond was fixed at a reasonable value. 
The amplitudes of vibration associated with the 
two bond F. . . F and C. . .F distances were constrained 
to be equal and those associated with the C.. 
and P... S two bond distances were constrained to be 
equal. 
All amplitudes of vibration associated with hydrogen 
were fixed at a reasonable value. 
All amplitudes of vibration associated with three 
bond distances were constrained to be equal as were 
all those associated with four bond distances. 
The H-C-H angle was fixed. 
Under these conditions all the other structural 
parameters and amplitudes of' vibration refined independently. 
On carrying out a series of refinements of the dihedral 
angles against R   (Figure 3'3) it became clear, that the 
most favoured conformation was where the P-S bond was 
approximately gauche relative to the opposite P-C bond 
(i.e. the dihedral angle is approximately 600 or -60 0 ) and 
that it was possible that a proportion of the P-S bonds were 
approximately trans to the opposite P-C bond (i.e. the 
dihedral angle is approximately 180 0 ) . This means that there 
are four possible conformational isomers, two of which are 
of gauche/gauche conformation (one being of C 2 symmetry 
with dihedral angles of 600/600 and the other of CS 
symmetry with dihedral angles of 600  and  _600),  one of 
gauche/trans conformation and one of trans/trans conforma-
tion. 
A series of plots of R   against various mixtures of 
conformers (Figure 3.4) 	shows no evidence for the 
existence of either the trans/trans or the C c gauche/ 
gauche conformation. 
A plot of R   against the proportion of the gauche/ 
trans conformation in a system containing only the C 2 
gauche/gauche form and the gauche/trans form gives a minimum 
at around 53% (see Figure 3.5 for confidence limits). 
Taking into account the fact that the gauche/trans form is 
twice as likely to occur as the gauche/gauche form on purely 
statistical grounds this is equivalent to the gauche/gauche 
form being 2.0 KJ mole 	more stable than the gauche/trans 
form. 
The minimum R found was 0.110. The final results 
are shown in Table 3. 3, the final correlation matrix in 
Table 3.4, and the intensity and difference curves in 
Figure 3.1. 
3.2.2 	(SPF2 ) 20: 
The molecular model used to describe (SPF 2 ) 20 for 
the purpose of least squares refinement of the 
independent parameters used the following assumptions: 
that the SPF 2 groups are identical; and 
the 0(S)PF 2 units have local C 2 symmetry. 
Using the assumptions the molecule can be described 
using nine geometrical parameters. Those chosen were: 
the P-0, P-S and P-F bondlengths; the F-P-F, F-P-0, P-0-P, 
S-P--O and two dihedral angles. The dihedral angles are 
those between the P-S bond and the opposite P-0 bond and 
are defined to equal 00 when the P-S bonds are cis to the 
P-0 bonds. 
In view of the possible existence of more than one 
conformational isomer in the system the model included the 
option of having up to four conformational isomers. The 
conformational isomers were assumed to be identical apart 
from the dihedral angles between the P-S and P-O bonds. 
On examination of the radial distribution curves 
(Figure 3.2) it is clear that the P-O and P-F distances 
lie under the peak centred around 155 pm, the two bond 
F. . . F and 0. . . F distances lie under the peak at 2 140 pm 
and the two bond F ... S, 0.. .S and P.. . P distances lie under 
the peak around 290 pm. In these circumstances it proved 
to be impossible to refine all the.geometrical parameters 
and amplitudes of vibration independently so the 
following constraints were applied. 
The amplitudes of vibration associated with the P-O, 
P-F and P. . . P distances were fixed at values close 
to those found elsewhere. 
The amplitudes of vibration associated with the F... F 
and 0. . . F distances and the S. . .S and 0. . .S distances 
were constrained to be equal. 
All amplitudes of vibration associated with pairs of 
atoms separated by three or more bonds were fixed 
at reasonable values. 
I. 
Under these conditions all the other parameters 
refined readily. 
A series of plots of R  against the dihedral angles 
(Figure 3.6) shows that the most favoured conformation is 
that where the P-S bond is approximately gauche to the 
P-0 bond (i.e. the dihedral angle is approximately 60 ° 
or _60 0 ) . There is no evidence for any other 
conformation. 
This means that there are only two possible conforma-
tional isomers, one being of C 2 symmetry, the other of 
C 5 symmetry. 
The C 5 form gives a minimum R of 0.1 141 and the 
C 2 form gives a minimum R   of 0.1143. However, although 
the Cs form gives the lower R factor the C 2 form cannot 
be dismissed with 90% certainty-using Hamilton's 
21 
computations. If the C 2 and C 3 forms are mixed there is 
no improvement of the fit of-experimental to theoretical 
data. 
The final results for the C 2 	s and C forms are shown 
in Tables 3.5 and 3.6, the final correlation matrices in 
Tables 3.7 and 3.8, and the intensity and difference 
curves in Figure 3.2. 
3.3 Discussion 
The major bondlengths and angles found in (SPF 2 ) 20 
and (SPF 2 ) 2CH 2 are shown in Table 3.1. The major bond-
lengths and angles found in SPF 3 5 , SPF 2C1 6 , SPF 2Br 6 and 
M. 
SPF 2H 6 are included for comparison. 
The bondlengths and angles found in these SPF 2X 
compounds are generally consistent but the conformations 
of the SPF 2 groups are rather different from those found 
in analogous phosphorus III compounds. 
3.3.1 P-F bondlength: 
The P-F bondlengths found in (SPF 2 ) 20 and (SPF 2 ) 2 CH 2 
are fairly typical of those in molecules of this type. 
The P-F bondlength appears to depend on the electro-
negativity of the other atoms attached to phosphorus as 
is shown in the series (CH 3 	5-n 
)nPF 	where for 
= 07, 1 8 , 28 , 39. the average P-F bondlengths are 155.1, 
157.8, 161.3 and 168.5 pm respectively. This trend is 
exaggerated by the tendency of the fluorine atoms to 
occupy axial sites and the fact that P-F axial bonds are 
longer than P-F equatorial bonds. However, if the P-F 
axial bonds alone are examined then the same series of 
molecules have P-F bondlengths of 157.7(5), 161.2(4) 2  
164.3(3) and 168.5(1) pm respectively. This still shows a 
substantial increase in bondlength with decreasing 
electronegativity of the other groups attached to 
phosphorus. 
It seems unlikely that this effect is caused by 
increasing steric interactions as bulkier methyl groups 
are added to the mo1eculeas the P-F bondlength in PF 3 
is 157.00(5) pm 10 while the average P-F bondlength in 
PF 5 7 is 155.1(1) where one would expect the greater 
crowding round the PF 5 to result in longer P-F bonds. 
This effect of increasing P-F bondlength with the 
decreasing electronegativity of the other groups attached 
to phosphorus is also demonstrated fairly well in the 
difluorophosphine sulphides (Table 3.1). The subjects of the 
current study fit reasonably well into the series. The 
P-F bondlength in the oxygen compound would appear to. be 
slightly short at 152.6(3) pm in comparison with 3FF 3 
where the P-F bond is 153.8(3). However when one considers 
the potential errors in the results and the extent of the 
variation in the P-F bondlength the result is not 
particularly surprising. 
3.3.2 PS bondlength: 
The P=S bondlengths found in (SPF 2 ) 2CH 2 and (SPF 2 ) 20 
are again fairly typical of molecules of this type. There 
again appears to be a tendency for the PS bond to get 
shorter as more electronegative groups are added to the 
phosphorus atom. For example in the series (CH 3 ) 3 PS 
11 
C1 3PS12 and F 3 PS 5 the P=S bondlengths are 194.0(2), 
188.4(5) and 186.6(5) pm respectively. 
The same trend on a smaller scale shows up in the 
difluorophosphine sulphides (Table 3.1) and the PS 
bondlengths (SPF2 ) 20 and (SPF 2 ) 2CH 2 are exactly as one 
would expect with the P=S bond in the oxygen compound 
short at 186.5 pm and fairly long in the methylene compound 
91 
at 187.9 pm. 
3.3.3 P-c bondlength: 
On examining the P-C bondlengths shown in Table 
3.1, it again seems likely that the length of the P-C 
bond is determined to a large extent by the electro-
negativity of the other atoms attached to phosphorus. 
The Schomaker-Stevenson single 'bond radius corrected for 
electronegativity difference is 1.8 pm,and this is almost 
exactly the same as the P-C bondlength in trimethyl 
phosphine. As more electronegative atoms are added to the 
phosphorus in the series (CH 3 ) 3 P 13 , ( CH 3 ) 3 PS
11  and 
(CH 3 ) 3 P0 11 the P-C bonds get shorter (Table 3.2). This 
effect is also demonstrated in the series (CH 3 )nPF 5 
where as the more electronegative fluorine atoms are 
substituted for methyl groups the P-C bondlength gets 
shorter (Table 3.2). 
It is interesting to note that if the more electro-
negative groups are attached to the -carbon end of the 
bond the bond becomes substantially longer. In the case 
of substitution of trifluoromethyl groups for methyl 
groups in (CH 3 ) 3 P 13 the increase is around 6 pm and it 
Ls been calculated that about L pm of this increase can 
be explained by increased electrostatic repulsion 
across the P-C bond. It seems possible therefore that 
the trends in the P-X bondlength relative to the electro-
negativity of the other groups attached to phosphorus could 
be explained by electrostatic effects. 
3.3.4 P-0 bondlength: 
The P-0 bond in (SPF 2 ) 20 at 160.9(8) pm is shorter 
than in (PF 2 ). 20 2 where it is 163.1(10) pm. This, by 
analogy with other P-X bonds  is as one would expect due 
to the addition of electronegative sulphur to phosphorus. 
However this trend of decreasing P-X bondlengths with the 
increasing electronegativity of the groups attached to 
sulphur is not as clear cut in P-0 systems as it is in 
P-C and P-F systems. 
For example in SPC1 2OMe 17 , SPC1(OMe)2 18 and 0PC1 2 
(OMe) 19 the P-0 bondlengths are 162.8(6), 158.0(5) and 
157.5(4) pm respectively, much as one would expect if the 
usual trend was being followed and.the P-O bondlength is 
substantially determined by. the electronegativity of the 
other groups attached to phosphorus. However the P-0 
bondlength in OP(OMe) 3 is l58 . 0(2) 19 pm when one would 
expect it to be somewhat shorter than in OPC1 2 (OMe) or 
SPC1(OMe) 2 . 
The P-0 bond in (SPF 2 ) 20 is rather long by. 
comparison with these compounds. However when it is 
compared with the P V_020  bondiength in the P4Ox  cage 
compounds at 159.5 pm it seems much more reasonable. 
There does not therefore appear to be such a clear 
trend in the P-0 bondlength as in other P-X bonds. 
However the P-0 bondlength found in (SPF 2 ) 20 seems 




3.3.5 F-P-F angle: 
The F-P-F angles found in (SPF 2 ) 20 and 
(SPF 2 ) 2 CH 2 are rather greater than those found in the 
other PV.difl uoro phOsPhifles (Table 3.1). They also ts 
give rise to F. . . F distances greater than those found 
in other difluorophosphines. However , the potential 
errors in the results,particularly in the molecule with 
purportedly the larger F-P-F angle, are fairly high and 
this may explain the discrepancy. 
3.3.6 F-P-S angle: 
The F-P-S angles found in the two compounds studied 
lie in the range already found for other molecules of 
this type (Table 3.1). 
3.3.7 c-P-S and C-P-F angles: 
The C-P-S angle found is very close to that found in 
(CH 3 ) 3 PS11 , the difference in fact being less than the 
experimental error in the parameter: None of the compounds 
studied by electron diffraction which contain C-P-F angles 
is strictly comparable as they are of the form (CH 3 )nPF 5 
and the five co-ordinate structure obliges the atoms 
surrounding the phosphorus .to sit in a form which has one 
very large and one very small C-P-F angle. 
3.3.8 P-C-P and P-P-P angles:. 
The P-O-P angle found in (SPF 2 ) 20 at 133.9 0 (33) is 
fairly similar to that found in (PF 2 ) 20 2 at 135.2 ° . The 
P. . .P distance in (SPF 2 ) 20 is 296.1(32) pm which is very 
similar to most other P. . .P distances found. For 
example, in (PF 2 ) 3N the P.. .P distance is 296.5(10) pm, 
in Na 6 (P 20 7 )I6U0 20 it is 293.3 pm and in (PF 2 ) 2NH 14 it 
is: 2914.8(114) pm. This would appear to suggest that 
phosphorus atoms can approach to withinabout 295 pm of 
one another without the steric strain involved becoming 
too substantial. 
However,in (SPF 2 ) 2 CH 2 the P-C-P angle found is 
122.6 0 (10). As the P-C bonds are bertainly single 
bonds this involves substantial distortion away from the 
tetrahedral angle and one would expect it to be 
associated with a short P... P distance. However , the 
P. . . P distance found in (SPF 2 ) 2CH 2 is found to be 
317.0(18) pm, i.e. substantially greater than all other 
two bond P... P distances found. It seems improbable 
that the very wide P-C-P angle is caused by long range 
interactions as all of the long range contacts found are 
greater than the sum of the van derWaal's radii of the 
atoms involved. 
Some support however has been given to this result 
by a recent study of ((CH 3 )P) 2CH 2 22 in which a wide 
P-C-P angle is associated with a P... P distance 
of over 310 pm. 
914 
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3.3.9 Dihedral angles: 
All the structural studies carried out on (PF 2 ) 2X 
type compounds indicate that the favoured conformation 
has C 2 , symmetry with the dihedral angles of both 
PF 2 groups being equal to 0 0 (in all cases the dihedral 
angle of the PF 2 or SPF2 group is set to equal 00  when 
the bisector of the F-P-F angle is trans to the opposite 
P-X bond). This conformation has the lone pairs 
eclipsed by the opposing P-X bonds. 
The molecules of this type on which structural 
studies have been carried out are (PF 2 ) 20 2 in which the 
system which best fits the data includes C 5 , C and C 17  
conformations as well as the C 2 form, (PF 2 ) 2Se1 in which only 
the C 2 form is found, (PF 2 ) 2 NCH 3 3 in which only the C 2 
form is found, and (PF2)2NH 
4  in which the major conformer 
(72%) is approximately. C 2 but which also has a minor 
conformer (28%) in which one of the PF 2 groups is twisted 
580 away from the C 2 structure. 
In (PF 2 ) 2Se and (PF 2 ) 2 NCH 3 the amplitude of the 
torsional vibration was included- as a refinable parameter. 
The r.m.s. amplitude of vibration found was 20 ° in 
(PF 2 ) 2Se and 10J4 0 in (PF 2 ) 2 NCH 3 . 
When sulphur is substituted for the phosphorus lone 
pair however this pattern is not repeated. In neither 
(SPF 2 ) 20 nor (SPF 
	
is there any sign of the C 2 
conformation. In (SPF 2 ) 20 it is clear that the 
dihedral angle of the SPF 2 groups is about 50° . However) 
it proved to be impossible to distinguish between the 
C 2 and the Cs  forms. In (SPF 2 ) 2CH2 the system which gives 
the best fit to the experimental data is a 50:50 mixture 
of the C 2 conformation with dihedral angles of 600  and 
a conformer in which one SPF 2 group has a dihedral angle 
of 600  and the other has a dihedral angle of around 180
0 
. 
All of these conformations involve the SPF 2 groups 
being staggered relative to the opposite P-X bond. It is 
clear therefore that a PS bond does not behave in the 
same fashion as a phosphorus lone pair in determining the 
conformation of the system. However ) in (SPF 2 ) 2 CH2 if an 
SPF 2 group is fixed at a dihedral angle of 0 ° with the 
same structural parameters as the C 2 form found thenon-
bonded P... S distance is 347 pm. As the sum of van der 
Waal's radii of phosphorus and sulphur is 375 pm it is 
not surprising that conformations with dihedral angles 
of 0 0  do not exist. 
If it is accepted that the SPF 2 group must be 
staggered relative to the opposite P-X bond then there 
are four possible conformational isomers. Conformer (1) 
would have dihedral angles of around 60 ° and C 2 symmetry. 
Conformer (2) would have dihedral angles of around 600 
and C 5 symmetry. Conformer (3) would have dihedral 
angles of around 180 0. and C 2 symmetry. Conformer 	) 
would have one dihedral angle of around 600  and one of 
around 180 ° . If all four conformations were of equal 
energy and there was no kinetic barrier to their 
formation the ratios of the conformers found would be 
2:2:1: 14 for conformer (1): conformer (2): conformer (3); 
conformer 	). 
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As in (SFF 2 CH 2 the system has 53% of conformer (1) 
and 47% of conformer (4) with no detectable amounts of 
conformer (2) or conformer (3) then it would appear that 
conformer (1) is about 1.7 FJ mo1 	more stable than 
conformer (n). As conformer (3) is only one quarter as 
probable as conformer (4) in any event and as the conform-
ation with one dihedral angle of 1800  is substantially 
less stable than the conformation with both dihedral 
angles of 600 it is not surprising that there is not an 
observable amount of conformer (3) in the system. 
The most likely reason for the 02  form being. more 
stable than the C is that the dipole interaction between 
the moments on the SPF 2 groups will be more favourable 
in the 02  form where the dipoles will be at near right 
angles than in the C form where they will be parallel. 
The only other possibility would be long range steric 
interactions and as none of the long range contacts in 
either form comes within the sum of the respective van 
der Waal's radii this seems unlikely. 
In (SPF 2 ) 20 there is no evidence for the existence of 
conformers with dihedral angles of 1800. It seems 
possible that the reason these conformers do not exist is 
that if the dihedral angle of an SPF 2 group is set at 
180 0 (with the structural parameters fixed at the values 
found in the 02  form) the non-bonded P. . . F distance is 
320 pm. When the effects of torsional vibration are 
taken into account the distance will be less than this. As 
the sum of van der Waals radii of phosphorus and fluorine 
is 325 pm ,,a conformation which contained an SPF 2 group 
with a dihedral angle of 1800  would probably be of 
higher energy than a conformer with dihedral angles of 
60° . 
In (SFF 2 ) 2 0 the interatomic distances in the 02 
and C forms are identical apart from the long F... F, 
S... F and F... F distances assuming that all the other 
structural parameters are the same. It is therefore only 
possible to differentiate the C 2 form from the C form 
by means of electron diffraction if these distances are 
different in the two forms. Unfortunately, although one 
pair of S... F distances and the S ... 5 distance are 
different in the two forms, by coincidence the pair of 
S... F distances in one form is approximately the same 
as the S. . .S distance in the other and vice versa. As a 
sulphur atom has approximately twice the scattering power 
of a fluorine atom this has the effect of making the 
two conformers virtually indistinguishable by electron 
diffraction. 
It is therefore impossible to tell whether (SPF 2 ) 20 
has C 2 symmetry, 0 symmetry or whether the system contains 
a mixture of the two conformers.' 
- 	 _. 	 •1 
Bondlengths and angles in some fluorophosphine sulphides 
PF 3S 5 PC1F 2 S 6 PBrF 2S 6 PF 2HS 6 (PF 2 S) 2 0 (PF 2S) 2 CH 2 
r(P=S) 186.6(5) 186.5(8) 188.2(4) 187.7(3) 186.5(4) 187.9(3) 
r(P-F) 153.8(3) 153.7(2) 1514.4(3) 155.2(3) 152.6(3) 15 14.8(2) 
F.. .F 23 14.9(8) 236.0(11) 233.14(114) 2314.5(8) 239.6(142) 2 140.3(12) 
F. ..S 292.4(9) 289.0(10) 294.3(15) 291.0(5) 290.0(9) 290.9(4) 
<(F-P-F) 99.6(3) 100.5(8) 98.3(10) 98.3(4) 103.4(26) 101.8(7) 
<(F-P-S) 118.1(8) 116.2(9) 118.2(10) 115.9(2) 117.2(8) 115.8(4) 
Table 3.2 
P-C bondlengths in some methyl and triuluoromethyl phosphines 
(CH 3 ) 3 P 13 184.14(3) (CH 3 ) 3PF 2 9 	 181.3(1) 
(CH 3 ) 3 PS 1 181.8(2) (CH 3 ) 2PF 3 8 	 179.8(4) 
(cH 3 ) 3 P0 180.9(2) (CH 3 )PF 14 8 	 178.0(5) 
P 2 (CH 3 ) 4 14 185.3(3) (SPF 2 ) 2CH 2 	 180.7(7) 
P 2 (CH 3 ) 4 15 191.14(4) 
C13P(CH3)216 195.0(11) 




(SPF 2 ) 2 CH 2 - molecular parameters 
Independent distances 
Distance/pm Amplitude/pm Anharmonicity 
Constant 
r1 (P-C) 180.7 +0.7 5.0 (fixed) 2.00 
r 2 (PS) 187.9 + 0.3 3.3 ± 0.6 2.00 
r3(P-F) 1514.8 + 0.2 3.5 - 	0.14 2.00 
r 14 (C-H) 105. 14 + 	3.3 7.5 (fixed) 2.00 
Independent angles 
< 1 (F-P-F) 101.8 ± 0.7 
< 2 (F-P-C) 103.2 + 0.14 
<3(P-C-P) 	. 122.6 ± 1.0 
< 14 (H-C-H) 106.0(fixed) 
< 5 (S-P-C) 115.0 + 1.0 
< 5 1) 60.3 ± 1.2 
<7(dihedral)b 	. 18 14.6 	+ 14.0 
% of conformer 2 ' 	50(see text) 
Dihedral angle for both SPF 2 groups of first conformer 
and one SPF2 group in the other. 
Dihedral angle 'for one SPF 2 group insecond conformer. 
(C) Dependent distances 
Distance/pm 
d 5 (P ... P) 317.0 . 	1.8 
d 6 (C ... F) 263.14 + 1.0 
d 7 (C.. .S) 311.0 + 1.6 
d 8 (H ... H) 168.3 - 	7.6 
d 9 (P ... H) 23 14.1 + 	3.14 
d 10 (F. . .F) 2140.3 -- 	1.2 
d11 (F. . .S) 290.9 + 	0.14 
Amplitude! pm 
9.2 ± 1.6 
8.5 + 1.1 
7.5(tied to u 11 ) 
12.0(fixed) 
9. 5(fixed) 
8.5(tied to u 6 ) 
7.5 -4- 0.14 
cant.. 
(C) Dependent distances (cont.) 
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Distance/pm 
Conformer 1 	Conformer 2 
d12 (F... F) 
d 13 (P. . .F) 
d 114 (P. . . F) 
d15 (P. . .F) 
d 16 (P ... S) 
d17 (P. . .$) 
d 18 (F ... F) 
d19 (F. . .F) 
d 20 (F. . . F) 
d 21 (F. . . F) 
d 22 (S ... F) 
d 23 (S.. .F) 
d 214 (S... F) 
d 25 (S. . .F) 
d 26 (S ... S) 
H... F 
H.. .S 
3511.9 + 2.8 
354.9 - + 2.8 
1435.14 + 1.6 
1435. 11 •+ 1.6 
392.9 + 2.1 
392.9 + 2.1 
1486.6 +2.0 
523.9 + 2.2 
14214.7 5.1 
1466.6 ± 2.0 
518.9 • 1.8 
518.9 ± 1.8 
351. 14 + 2.14 
351.14 + 2.14 
1478.0 ± 5.0 
2.7 - 3.6 
3.2 - 14.0 
35149 2.8 
1435.14 ± 1.6 
3145.5 + 5.14 
336.9 + 3.7 
392.9 ± 2.1 
1481.3 ± 1.1 
1409.7 9.3 
1481.5 -4- 3.2 
305.14 ± 14.0 
1467.5 ± 2.8 
339.7 14.5 
1419.6 + 8.7 
519.0 ± 3.2 
571.0 -- 2.1 
568.5 ± 3.3 
Amplitude/ pm 
30.0 + 	7.8 
30.0(tied to u 12 ) 
30.0(tied to u 12 ) 
30.0(tied to u 12 ) 
30.0(tied to u12 ) 
30.0(tied to u12 ) 
114.7 	- 1.1 
1 14.7(tied to u18 ) 
1 14.7(tied to u18 ) 
1 14.7(tied to u18 ) 
1 14.7(tied to u 18 ) 
1 14.7(tied to u 18 ) 
114.7(tied to u 18 ) 
1 14.7(tied to u 18 ) 




(SPF 2 )CH 2 - Least squares correlation matrix xlOO 
r1 	r 2 	r 3 	r4 	<1 	< 2 	< 3 	< 5 	< 6 	<7 	
U 2 	u 3 	u 5 	u 6 	u 11 u 12 u18 k 	k 2 	k 3 




100 	44 -60 	 -44 
100 	-55 	 ...144 
	



















(SPF2)20 - molecular parameters -. C 2 conformation 
103 
(A) Independent distances 
Distance! pm 
r 1 (P-0) 	116.9 + 0.8 
r 2 (PS) 186.5 + 0.4 
r 3 (P-F) 	152.6 + 0.3 
Amplitude/pm 
14 2(fixéd) 







(B) Independent angles 
< 1 (F'-P-F) 
<2 0) 
< 3 (P-o-P) 
<,4 (S-P-0) 
< 5 (dihedral) 
103.14 • 	2.6 
99.1 ± 1.0 
133.9 + 	3.3 




(C) Dependent distances 
d 14 	(0. . .F) 
d 5 	(0.. .S) 
d 6 	(P. . .P) 
d 7 	(F. - .F) 
d 8 	(F.. .S) 
d 9 	(P. . . F) 
d10 (P ... F) 
d 11 (P ... S) 
d 12 (F.. . F) 
d 13 (F. . .F) 
d 114 (F... F) 
d 15 (F. . .F) 
d 16 (S.. .F) 
d 17 (S. . .F) 
d 18 (S ... S) 
Distance 
238.6 + 2.0 
297.7 •± 3.6 
296.1 + 3.2 
239.6 ± 14.2 
290.0 ± 0.9 
398.6 + 2.0 
3143.0 + 2.7 
379.7 ± 2.0 
1442.8 •j 14.8 
1435.2 ± 14.0 
1458.7 ± 7.8 
14142.8 ± 4.8 
359.14 • 14.5 
509.3 + 2.5 
1443.2 - 5.1 
Amplitude 
8.9(tied to u 7 ) 
6.2(tied to u 8 ) 
10.0(fixed) 
8.9 ± 0.9 













(SPF2)20 - molecular parameters - Cs conformation 
Independent distances Anharmonicity 
Distance/pm Amplitude/pm Constant 
r 1 (P-0) 161.0 ± 0.8 14.2(fixed) 2.00 
r 2 (P=S) 186.5 	+ 0.5 14.0+. 	0.6 2.00 
r 3 (P-F) 152.6 + 0.3 14.9(fixed) 2.00 
Independent angles 
< 1 (F-P-F) 
< 2 ° 
< 3 (p-0-P) 
< 14 (S-P-0) 
< 5 (dihedral) 
101.9 147 
100.2 + 	2.14 
130.9 ± 3•5 
116.5 -'- 	3.3 
55.7 + 	6.6 
(C) Dependent distances 
Distance/pm Amplitude/pm 
d 14 	(0.. .F) 2140.6 ± 143 8.6(tied 	to u,7 ) 
d 
5 '(0.. .S) 
295.9 + 5.9 6.7(tied to u 8 ) 
d 6 	(P.. .P) 293.0 + 3.14 10.0(fixed) 
d7 	(F.. .F) 237.1 + 7.6 8.6 ± 1.5 
d 3 	(F ... S) 290.5 + 1.9 6.7 	± 	1.14 
d 9 	(P.. .F) 335.1 ± 3.1 15.6(fixed) 
d10 (P. . .F) 1400.0 ± 3.14 15.6(fixed) 
d 11 (P. . .S) 377.0 + 1.8 15.6(fixed) 
d12 (F. . .F) 303.8 + 6.4 19.3(uixed) 
d 13 (F ... F) 141414.9 ± 3.14 19.3(fixed) 
d 114 (F ... F) 141414.9 + 3.14 19.3(fixed) 
d15 (F. . .F) 1466.6 + 11.2 19.3(fixed) 
d16 (F. . .S) 4142.4 + 3.6 19.3(fixed) 
d17 (F. . .S) 505.3 + 5.1 19.3(fixed) 
d 18 (S ... S) 366.14 + 3.7 19.3(fixed) 
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Table 3.7 
(SFF2)20 - 02 conformation 
Least squares correlation matrix xlOO 
r 1 	r 2 	r3 	<1 	< 2 	< 3 < 4 <5 	
U 2 	u7 	U8 k 1 	k 2 
100 	-47 	 _145 42 614 
100 
100 1414 
100 	-88 	73 -73 53 
100 	-55 52 





• 	 100 
100 
100 




(SPF2)20 -. Cs symmetry 
Least squares correlation matrix xlOO 
r 1 	r 2 	r3 	<1 	< 2 	<3 <14 <5 
u 2 	U7 128 k 1 	1<2 
100 _1414 -55 147 66 
100 
100 ...143 
100 	-96 -71 82 
100 81 -83 40 
100 -79 68 
100 -79 -91 






Only correlations with absolute values greater than 0.14 
are included. 
Experimental conditions: 





(SPF 2 ) 2 CH 2 321 
	 3117 	 5.672 
(SPF 2 ) 2 CH 2 	 228 295 5.674 





S . /mm mm 	1 sw, /mm 
sw 2/mm-1 
s 	/mm max 
p/h 
scale factor 
(SPF 2 ) 2 CH 2 
250.146 	500.160 	999.821 
	
14 	 2 	 1 
72 	314 18 
84 110 	20 
280 	1146 70 
288 152 	72 
0.3261 	0.112911 	0.1411113 
0.5562(80) 0.6921(87) 0.5360(93) 




















Figure 3.1(a) Observed and difference radial distribution 
curves, P(r)/r, for CH 2 (PF 2S) 2 . Before 
Fourier inversion the data were multiplied 
by s.exp[_O.000015!2/(pfp)(FfF)L 
log 
Figure 3.1(b) Observed and final weighted difference 
combined molecular scattering intensity curves 
for CH 2 (PF 2S) 2 . 
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Figure 3.2(a) Observed and difference radial distribution 
curves, P(r)/r, for O(PF 2S) 2 . Before 
Fourier inversion the data were multiplied 
by S. exp[_0.000015!2/(.p_.p)(F_.F)]. 
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Figure 3.2(b) Observed and final weighted difference 
combined molecular scattering intensity 
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Figure 3.4 Plot of R   against proportions of conformers 
in possible. 3 conformer systems. 
Conformer plotted is gauche/trans form. C 2 
gauche/gauche form is fixed at 50% and remainder 
of system is trans/trans form. 
Conformer plotted is C 2 gauche/gauche form. 
Gauche/trans form is fixed at 50% and remainder 
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GAS PHASE ELECTRON DIFFRACTION DETERMINATION OF THE 
MOLECULAR STRUCTURE OF (F 2 P) 3 N 
4.1 Introduction 
Recent structural studies of difluorophosphine compounds 
bonded to nitrogen have been inconclusive in determining 
whether they, like their silicon analogues, are planar at 
nitrogen. Electron diffraction studies of F 2PNH 2 1 and 
F 2 PN(CH3 ) 2 2 found non-planarity at nitrogen with angles of 
350 and 32 0  respectively between the N-P bond and the 
bisector of the NX 2 plane (X = C,H). Microwave investiga-
tions' 14 , however, concluded that both F 2PNH2 and F2PN(CH3 ) 2 
were planar at nitrogen. An X-ray study of F 2PNMe 2 5 also 
supported the view that the molecule is planar at nitrogen. 
This apparent anomaly could be due to the existence 
of a low frequency out-of-plane deformation which would give 
rise to a large shrinkage effect. This would make the 
molecules appear to be non planar when electron - diffraction 
techniques are used. 
A more recent electron diffraction study of (F 2P) 2 NCH 3 6 
has reported a planar CNP 2 grouping. 
It would therefore appear to be of interest to study 
(F2 P) 3 N. Firstly it is the simplest analogue of 
trisilylamine, a planar nitrogen molecule, and secondly it 
may well have .a high degree of symmetry making it an ideal 
subject for an electron diffraction study. 
Due to its possible high symmetry) it may well be 
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possible to study the conformations adopted by the F 2  P 
groups in some depth. This may be particularly interesting 
as the F 2 
 P groups will be free of any "hydrogen bonding" 
type interactions and will possibly be unaffected by 
crowding with other atoms in the molecule. 
4.2 Molecular Models and Refinements 
A sample of (F 2 P) 3 N was prepared and purified using the 
published methods 7 . 
It was found that the best fit to the experimental data, 
using a static model, was achieved where two F 2  P groups were 
twisted by 10 0 in one direction and the other was twisted by 
100 in the opposite direction away from C 3 symmetry.. 
The work up to this point was carried out by D.E.J. 
Arnold and D.W.H. Rankin. 
It therefore seemed possible that the low energy 
structure had C 3 symmetry and the deviations from this 
structure found in the initial study were the result of a 
shrinkage effect caused by low frequency torsional 
vibrations of the F 2  P groups. 
A model was therefore constructed to test this 
hypothesis using the same experimental data. 
This model used the following assumptions: 
1. 	The three NPF 2 groups are identical and have a plane 
of symmetry. 
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The NP  unit is planar (shown by the earlier study). 
3. 
	The three F 2  P groups oscillate independently and 
harmonically around a mean position, which has C 3 
 h 
symmetry, with a root mean square (rms) torsional 
angle of 5. 
If it is assumed that the torsional vibration is harmonic 
the probability that a group will be twisted by an angle 
from the average position is proportional to exp(- 2/26 2 ). 
The model used a set of seven fixed positions of the F 2  P 
group with c 	0, ±S, ±S and +25 from which a set of 
14 P... F distances was calculated together with the 
relative probabilities which were then normalised. 
Unfortunately,, seven fixed positions of the F 2  P groups 
give rise to 149 possible combinations of a pair of F 2  P 
groups with a probability distribution proportional to 
exp(-(q 1 2 + 4 2 2 )/2c3 2 ) and 98 different F.. .F distances. 
In order to save computing time and space this was reduced 
to 21 using the following approximation. 
The total F. . . F range from 300 to 510 pm was divided 
into "pockets" each 10 pm wide. As each F.. . F distance was 
calculated it was assigned to the appropriate pocket and 
the probability of that distance occurring was increased by 
the associated multiplicity. When all the distances had 
been calculated the individual probabilities were then 
normalised. The weighted mean distance of each pocket was 
also calculated and the set of distances obtained was used 
in determining the theoretical scattering intensities. 
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Using these assumptions the molecule can be described 
using four geometrical parameters; the P-F and P-N bond-
lengths and the F-P-F and N-P-F angles together with the 
rms amplitude of the torsional vibration about the P-N 
bond. 
The following constraints were applied in refinement: 
All amplitudes of vibration associated with 14 bond F. . .F 
distances were constrained to be equal. 
All amplitudes of vibration associated with cis P. . . F 
distances were constrained to be equal. 
All amplitudes of vibration associated with trans P. . .F 
distances were constrained to be equal. 
Under these conditions all structural parameters and 
amplitudes of vibration apart from the root mean square 
torsional amplitude (6) refined independently. 
When R   was plotted against 6 (Figure ILl) two minima 
were found. The parameters obtained in refinements with 
6 fixed at the first minimum, 90,  are listed as refinement 
A in Table 14.1. The parameters obtained in refinements with 
6 fixed at the value giving the second minimum, 170, are 
listed as refinement B in Table 14.1. The parameters in 
refinement A and refinement B are virtually identical with 
the exception of the framework amplitudes of vibration 
associated with the F.. .F and P... F distances. Not 
surprisingly the refinement with a large value of 6 gives 
smaller framework amplitudes of vibration. 
12 14 
The minimum R   found for cS = g 0 was 0.090 and for 
17 ° was 0.088. Using Hamilton's equations  therefore, 
the possibility that S = 9 ° can be dismissed with greater 
than 98% confidence. 
Refinements using a quartic torsion potential 
function did not lead to any improvement in the fit of 
theoretical and experimental intensities. 
The final results are shown in Table 24.1, the final 
correlation matrices in Table 14.2, and the intensity and 
difference curves in Figure 4.2. 
14.3 Discussion 
The P-N bondlength found in (F 2 P) 3 N, at 171.2 pm is 
short compared with the Shomaker-Stevenson single bond 
length of 176.2 pm 9 . This may be due to p+drr-bonding 
in the system. However P-X bondlengths are typically 
shorter when -electronegative atoms are attached to 
phosphorus. For example the P-C bond in the series 
(CH 3 ) 3 P 10 , (CH 3 ) 3 PS
11  and (CH 3 ) 3 P011 , or in the series 
(CH 3)nPF5_n12''3  (Table 24.3) shows a clear tendency to be 
shorter when more electronegative atoms are attached to 
phosphorus. It is possible therefore that p+dii-bonding 
does not account for all the shortening of the P-N bond from 
the Shomaker-Stevenson distance. 
It is interesting to note that the P-N bond in this 
compound is substantially longer than in (F 2 P) 2 NCH 36, 
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F 2 PN(CH 3 ) 2 2 and F 2 PNH 21 . This may result from the 
involvement of the nitrogen lone pair with three N-P bonds 
rather than two as in (F 2P) 2 NCH 3 or one as in F2 PN(CH 3 ) 2 
or F 2 PNH 2 . It is also possible however, that steno 
factors may also be important as one would expect a nitro-
gen with three difluorophosphine groups around it to be 
more crowded than if there were only one or two. This 
might then give rise to a lengthening of the N-P bond in 
order to relieve the crowding. However this does not 
appear to be the case as the P... P distance in (F 2 P) 3 N 
is greater than in any of the bis(difluorophosphino)amines. 
For example whilein (F 2 P) 3 N the P.. .P distance is 296.5 pm, 
in (F 2 P) 2NH 114 it is 29 14.8 pm, in (F 2PNSiH 3 15 it is 289.3 pm 
and in (F2 P) 2 NCH 3 it is 285.1 pm. As the long P ... F 
distances are greater than the sum of the van der Waal's radii 
it would therefore appear that (F 2 P) 3N is not a particularly 
crowded molecule. It seems unlikely therefore that the 
length of the P-N bond can be accounted for by steric 
effects. 
4L3.1 P-N-P angle 
The planarity of the P 3 N.skeleton of (F 2 P) 3 N again 
illustrates the similarity of the structures of the 
fluorophosphine and silyl amines which also tend to be 
planar at nitrogen. There are ) however ,differences between 
the groupsof compounds. It is interesting to note, for 
example, that whereas the Si-N-Si angle in (SiH 3 ) 2 NCH 316 
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is substantially wider, at 125. 14° than in (SiH 3 ) 3 N 17 the 
P-N-P angle in (F 2 P) 2NSiH 3 15 is 7at 115.9 0 , substantially 
narrower than in (F 2 P) 3N. There does not appear to be a 
steric reason for the narrow P-N-P angle in (F 2 P) 2 NCH 3 7 
as the P... P distance at 285 pm is substantially lower 
than that in (F 2 P) 3N at 296 pm while the P. . . C distance is 
quite great at 276.14 pm compared with, for example, 
F 2 PN(CH 3 ) 2 where the P.. . C distance is 269 pm. 
14.3.2 PF 2-group parameters 
Table 1414 gives some examples of PF 2-group parameters 
in other molecules of this type. This shows that the parameters 
found in (F 2 P) 3N are completely typical of other molecules 
of this type. The differences in bondlengths etc are so small 
in comparison with the uncertainties that no useful 
conclusions can be drawn from examination of trends in 
bondlengths etc. 
14.3.3 Conformation of the PF 2-groups 
The model of the system which assumes that the PF 2 
groups twist in a harmonic fashion around the position 
corresponding to C 3 
 h symmetry gives a significantly better 
fit to the experimental data than any model with fixed 
PF 2 groups. This conformation is the one which would be 
expected on steric grounds although *twists of the PF 2 groups 
0 of up to 40 away from this position are possible without 
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giving unduly short non-bonded P ... F contacts. The C 3 
conformation also has the net phosphorus lone pair dipole 
moment perpendicular to the nitrogen lone pair dipole 
moment. 
If the torsional vibrations are assumed to be 
harmonic the rms amplitudes of g 0 and 170  correspond to 
vibrational frequencies of 57 and' 30 cm 	respectively 
(see below). Vibrational bands have not been observed near 
these frequencies although analogous torsional modes in 
fluorophosphine pseudohalides have b een observed near 
50 cm. 
4 • 	Computation of the Torsional Frequency of the PF 2-group 
If it is assumed that the vibration is harmonic1 
knowledge of the rms amplitudes of vibration () allows an 
estimate to be made of the torsional frequency as follows. 
Where the vibration is harmonic the potential constant 
(k) is related to 6 by the equation 19 ' 20 ' 21 : 
k 	kT/62 . 
The torsional frequency (v) can then be calculated 
from the relationship 
V = ( k/Ir)/2ir (Hz) 
where Ir is the reduced moment of inertia about the P-N bond. 
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As k is Boltzmann's constant (1.3805 x 10 	JK ) 
T is temperature (238 K), 
6 is the rms torsional amplitude (.--g x ii or 178• 3 x 'ir radians) 
then the potential constant (k) is 
1.3316 x 10 9 J where 6 = 9.00 and 
0.3604 x 10 9J where 6 = 17.3 ° , 
and as Ir = 69.1 a mu 2  then the corresponding frequencies 
are 
30 cm 	where 6 = 17.3° and 
57 cm 	where 6 = 9.0 ° 
(1 Hz = 3.3356 x 10
-11  cm 	and 1 a mu 2 = 1.660 x 104m2). 
It is interesting to note that a similar experiment 
using (F 2 P) 2Se 22 gave rise to a calculated torsional 
frequency of 34 cm- 1 , i.e. very close to the more probable 
value in (F 2 P) 3 N. 
The much higher frequencies calculated for NMe(PF 2 ) 219 
seem to be derived from incorrect reduced moments of inertia. 
Using the published geometrical parameters Ir would appear 
to be 64.6 amu 2  giving a harmonic frequency of 55 cm- 1 Y 
i.e. very close to the less probable value found in (F2P)3N. 
1 
N(PF2)3 - Molecular parameters 
Refinement A 	 Refinement B 
Independent distances and amplitudes (pm) 
r 1 (P-N) 	 171.4(4) 	14.0(7) 	171.2(4) 	14.1(7) 
r 2 (P-F) 	 157.14(2) 	3.5(3) 	157. 14(2) 	3.6(3) 
Dependent distances and angles (pm) 
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d 3 (P. . .P) 296.14(6) 10.14(5) 
d 4 (N ... F) 250.14(6) 7.2(8) 
d 5 (F ... F) 	235.6(9) 	5.8(10) 

















(c) 	Angles 	(°) 
< 1 (N-P-F) 99.2(3) 
96.9(3) 
9.0(see text) 
< 4 (P-N-P) 
a Not included in final refinements. The values and 
estimated standard deviations quoted were obtained in 
earlier refinements in which other amplitudes of vibration 
were fixed. 
b All F. . . F distances were in the range quoted but did not 
necessarily extend the limits of the range. 





120(fixed, see text) 120(fixed, see text) 
Table 1.2 
N(PF 2 ) 3 
Least-squares correlation matrix xlOO (Refinement B) 
r 1 	r2 	< 1 	<2 	U1 	
U 2 	U 3 	U14 	U 5 	k1 	k2 
100 	141 
100 
100 -91 	 -52 -58 
100 	 64 	514 
100 	75 	 142 








- 	Ii 	-, 
Trends in P-X bondlengths with changing electronegativity 
of groups attached to phosphorus 
(a) P-C bonds 
bondlength/pm 
(CH 3 ) 3 P 1° 	 184(3) 	(CH 3 ) 3 PF 212 
(CH 3 ) 3 PS 11 	 181.8(2) 	(CH 3 ) 2PF 3 13 
(CH 3 ) 3 PO 	 180.9(2) 	CH 3 PF 13 
(b) P-F bonds 
P-Fax/pm P-Feq/pm 
PF 5 12 157.7(5) 153.() 
CH 3 PFL '3 161.2(4) 15.3() 
(CH 3 ) 2 PF 3 13 164.3(3) 155.3(4) 





ED Parameters of some aminodifluorphosphines 
132 
Compound 	r(p-F) r(P-N.) 
F 2 PNH 2 1 	158.1 	166.1 
F 2 PN(CH 3 ) 2 2 	158.9 	168. 14 
(F 2 P) 2 NCH 3 6 	158.3 	168.0 
(F 2 P) 2 NH 114 	158.14 	168. 14 
(F 2 P) 3 N 	157.14 	171.2 
<FPF <FPN <P-N-P P.. . P 
95.3 101.0 
99 97 
95.1 99.6 116.1 285.1 
122.1 2914.8 
96.9 99.2 120 296.5 
10 
	






5 	 10 	 15 
TORSIONAL AMPLITUDE 
(PF2)3N H LA) 
Ui 
Figure 14.1 Plot of R  against root mean square torsional amplitude of the F 2
PN groups 
134 Figure 4.2 
Observed and final weighted difference combiiied molecular 
scattering curve for (PF2)3N. 
Observed and difference radial distribution curves P(r)/r for 
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STRUCTURE OF BIS(TRIFLU.OROMETHYL)ETHER BY ELECTRON 
DIFFRACTION 
5.1 Introduction 
There has for some time been an interest in the 
effect of the substitution of electronegative atoms in 
small molecules. A team under Professor Burger were 
investigating the force constants in these molecules and 
in order to study bis(trifluorornethyl) required an accurate 
structure. We were supplied with a sample and asked to 
provide a structure using electron diffraction. However, 
while the experimental results were being analysed the 
results of a separate study were published. We decided 
however to complete the analysis of the structure. 
The structure of bis(trifluoromethyl)ether is 
interesting for a number of other reasons. By comparison 
with dimethyl ether the introduction of trifluoromethyl 
groups will introduce steric strain to the system and due 
to the highly electronegative character of the fluorine 
atoms there will also be an electronic effect on the 
structure. 
The steric strain would appear to be relievable in 
four ways: 
by lengthening the CO bond; 
by widening the COC angle; 
C. 	by twisting the trifluoromethyl groups away from a 
staggered conformation relative to the opposing CO 
bond; and 
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d. 	by tilting the trifluoromethyl groups away from 
each other. 
It is interesting to note that the studies of 
Stolevik et al on the chlorinated propanes 7 seem to 
indicate that for these molecules the steric strain 
introduced by the further substitution of chlorine for 
hydrogen is relieved by the lengthening of the C-C bond 
and the widening of the C-C-C angle as even for 
octochioro propane there is no twisting away from the 
fully staggered conformation. 
However in tetrakis(trifluoromethyl)hydrazine 8 , 
while the CNC angle is certainly significantly wider than 
in the uncrowded hydrazines, the nitrogen being very 
nearly planar, the CN and NN bonds are rather short in 
comparison with CC and ON bondlengths found. in 
unfluorinated hydrazines suggesting that for the bond-
lengths at least some factor other than the steric 
factor is involved. 
In tris(trifluoromethyl)amine 9 the riitrogen:is also 
found to be practically planar suggesting that in this 
molecule also a large part of the steric strain is 
relieved by widening the central angle. 
A study of the magnitudes of C-X distances in 
(CF 3 )X as compared with (CH 3 )X (Table 5.3) shows that 
substitution of trifluoromethyl groups for methyl groups 
can either lengthen or shorten thC-X bondlength. 
The important factor would appear to be the electro-
negativity of X. It seems that if the electronegativity 
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of X is low (less than that of carbon) then substitution 
of methyl groups by trifluoromethyl groups lengthens 
the C-X bondlength. Conversely, if the electronegativity 
of X is greater than that of carbon the same 
substitution shortens the CX bondlength. 
In the light of these findings 7 it seems likely that 
due to the electronegativity of the oxygen (greater than 
that of carbon) by (trifluoromethyl)ether will have a 
CO bondlength at least as short and probably shorter than 
dimethyl ether and the steric strain will be relieved by 
having a wider angle at oxygen and probably by the 
trifluoromethyl groups being twisted away from C2 
symmetry,. . and tilted away from each other, destroying 
the location C 3 symmetry of the OCF 3 group. 
5.2 Molecular Models and Refinements 
The molecular model used to describe bis-
(trifluoromethyl)ether for the purpose of least squares 
refinement of the independent parameters made the 
following assumptions: 
1. 	that although the two trifluoromethyl groups would 
interact the C 3v
symmetry of the trifluoromethyl 
group would not be destroyed ) but there remained 
the possibility that the symmetry axes of the group 
may be distorted away from being a continuation of 
the OC bond; 
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 that the CF 3 groups are identical; 	and 
 that the CO bondlengths are identical. 
Using these assumptions the molecule can be 
described using the following independent parameters: 
the CO and CF bondlengths; the COC and OCF angles; two 
twist angles, being the dihedral angles between one of the 
CF bonds and the opposing CO bond, the angle being equal 
to 00 when the CF bond is trans to the CO bond; a tilt 
angle being the angle between the CO bond and the axes 
of the trifluoromethyl groups (the axes of the 
trifluoromethyl group continue to lie in the plane of 
the C-O-C skeleton); and a control parameter which allows 
the twist angle to be constrained such that the molecule 
has: 
overall C 2 symmetry; 
overall C 5 symmetry; and 
C. 	no overall symmetry, the angles being allowed to 
vary independently. 
On examination of the radial distribution curve 
(Figure 5.2) it is obvious that the one bond CO and CF 
distances lie under the peak centred at 1314 pm and that 
all the two bond distances, i.e. FF, OF and CC, lie 
under the peak centred at 217 pm. Because of this it is 
not possible to refine all the amplitudes of vibration 
independently, although it was possible to refine all 
the independent structural parameters independently. 
The CO amplitude of vibration was therefore fixed at 14.7 pm 
and the two bond FF, OF and CC amplitudes of vibration 
were constrained to be equal. All the three bond CF 
amplitudes of vibration were constrained to be equal, 
as were the FF four bond amplitudes of vibration. Under 
these circumstances all the independent structural 
parameters and all the amplitudes of vibration refined 
independently, fixed at 00  or at 140 
A plot of R   versus the FCOC twist angle where C 2 
symmetry is retained (Figure 5.3) shows a minimum 
where the trifluoromethyl groups are twisted 
approximately 100 away from C 2 symmetry, i.e. where 
the trifluoromethyl groups are 100 away from being 
staggered relative to the CO bond. 
Plots of RG versus the tilt angle where the twist 
angle is: 
10 ° with C 2 symmetry retained; 
10° with C symmetry retained; and 
C. 	0 0 (C2 symmetry) 
further demonstrate that C 2 symmetry gives the best fit 
to the experimental data and gives a minimum R at 
approximately 140 
It did not prove possible to find a structure 
where the two FCOC twist angles were independent of one 
another which gave a better fit to the experimental 
data than the structure with C 2 symmetry. 
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Once this "best fit" was discovered it proved 
possible to refine the twist and tilt angles 
independently of one another and of the other 
structural parameters. The final structure had an R  
of 9.29% and the final parameters are given in Table 
5.8 and correlation matrix in Table 5.9. 
In an effort to prove that the tilt angle is in 
fact a feature of the molecule an attempt was made to 
find the structure which best fitted the experimental 
data without the aid of a tilt angle. This structure 
had an R  of 10. 46%. 
Using Hamilton's significance tests it is therefore 
possible to say with greater than 99% certainty that the 
CF  groups are tilted away from one another. 
11 
5.3 Discussion 
The major bondlengths and angles in bis(trifluoro-
methyl)ether are set out in Table 5.2, together with 
various ethers and trifluoromethyl compounds for the 
purpose of comparison. Table 5.(- gives . a comparison of 
the results achieved in this study and in another 
recently published study. The results are very similar 
and require no comment. 
5.3.1 C-F bondlength: 
The typical range of C-F bondlengths appears to 
depend on the number of fluorines attached to the 
central carbon atom. As more fluorines are attached 
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the C-F bondlength gets shorter (Table 5.1). 
In each type of molecule, i.e. the monofluoro, 
bifluoro and trifluoromethyl compounds, the C-F bond-
lengths appear to fall in a fairly restricted range 
and are not unduly affected by their environment. 
In general the CF bondlength in trifluoromethyl 
groups appears to fall in the range 132 to 135 pm 
(Table 5.3). Within this range there appears to be 
some correlation between the CF bondlength and the 
electronegativity of the group attached to the carbon 
atom, e.g. in CF 3 I the C-F bondlength is 13 14i pm, 
in CF 3H it is 133.6 pm, and.in CF!4 it is 132.0 pm. 
In summary thereforethe more electronegative the 
other atoms or groups round the carbon atom are, the 
shorter the CF bond. This can be explained by exam-
ination of Table 5.2. As more electronegative atoms 
are attached to the carbon atom it becomes more 
positively charged while the charge on the fluorine 
atom varies only slightly. The increased cou.lombic 
attraction - which these changes create then tends to 
shorten the CF bondlength. 
Using this model one would expect the CF bond-
length in bis(trifluoromethyl)ether to be rather 
shorter than that found when one compares it with other 
C-F bondlengths. However the difference between the 
distance found and that expected is probably well 
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within the limits of the error in the experiment and 
the uncertainty in the model. 
5.3.2 0-0 bondlength: 
The 0-0 bondlength found in this molecule at 
136.1 pm is significantly shorter than the 0-0 bond-
length found in dimethyl ether, which is 141.6 pm. 
This change in the length of. the C-X distance 
when trifluoromethyl groups are substituted for methyl 
groups is common. However- the bondlength can either 
increase or decrease on substitution and again the 
important factor appears to be the electronegativity of 
the X atom (Table 5.5). If the electronegativity of the 
X atom is less than that of carbon (e.g. sulphur or 
phosphorus) the substitution of trifluoromethyl groups 
for methyl groups will lengthen the bond whereas if the 
X atom is more electronegative than carbon the 
substitution of trifluoromethyl for methyl groups will 
shorten the bond. 
The explanation would appear to be that if the X 
atom has a positive charge the increased positive charge 
on the carbon atom when fluorine is attached will result 
in a coulombic repulsion, thereby lengthening the bond. 
If the X atom has a negative charge the increased 
positive charge on the carbon atom will result in 
coulombic attraction and a shorter bond. 
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In the. case of a 0-0 bond the oxygen will clearly 
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have a negative charge, and the substitution of 
trifluoromethyl groups for methyl groups will result 
in a shortening of the bond. 
5.3.3 C-O-C angle: 
The most obvious method of relieving the steric 
strain introduced by the substitution of larger 
trifluoromethyl groups for methyl groups, in going from 
dimethyl ether 
11  to trifluoromethyl ether is to widen 
the angle at oxygen. This in fact happens as the angle 
increases from 111.5 ° to 121.8 0 . 
This widening of the angle at the central atom 
as the molecule becomes more crowded is a commonly 
observed phenomenon. For example, the angle at the 
central carbon atom in various chlorinated propanes 
increases as more chlorine is substituted for hydrogen. 
Mc 1 ,, iii 
CH 2C1CHC1CH 2C1 
CHC1 2 CH 2 CC1 3 5 
CHC1 2 CC1 2 CC1 3 6 
CC1 3 CC1 2 CC1 3 7 





This widening of the angles at the central atom 
is also demonstrated in tetrakis(trifluoromethyl) 8 
hydrazine which very nearly planar at nitrogen the 
C-N-C angle being 121.2 ± 1.5 ° and the N-N-C angle is 
° 119.0 ± 1.5. 
146 
In tris(trifluoromethyl)amine the C-N-C angle is 
114 ± 3 whereas in trimethylamine 12 the C-N-C angle is 
110.6 ± 0.60 . 
A similar widening is shown in comparing the angles 
at oxygen in (SiH 3 ) 2 0 13 and (SiF 3 ) 20 1 which are 
lL!I.l ± 0.9 ° and 155.7 + 2 ° respectively. However in 
this case the closest approach of fluorine atoms on 
different carbon atoms is 395 pm as opposed to 267.2 pm 
in bis(trifluoromethyl)ether so it seems unlikely that 
the widening of the angle at oxygen is caused by steric 
factors and it is more likely that it is due to increased 
(p+d)ff bonding from oxygen to silicon. 
5.3.4 0-C-F angle: 
Like the bondlengths, the angles round the carbon 
atom in a trifluoromethyl group are not unduly affected 
by its environment. The F-C-F angles found so far range 
between 107 
0  and 110 0  (the mean 0-C-F angle found in 
bis(trifluoromethyl)ether of 109.7 0  is equivalent to an 
F-C-F angle of 109.3 ° ). 	( Table 5.2). 
There does, however, appear to be some sort of 
correlation between the CF bondlength and the F-C-F 
angle. This could be caused by the same electronic 
factors as determine the CF bondlength. However it 
seems more likely that it can be explained by steric 
factors. 
Barte11 15 has observed that bond angles in ethylene 
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derivatives and related molecules can be correlated 
with a simple "hard sphere" model in which atomic 
positions are presumed to be governed by the sizes of 
spherical atoms packed around a given atom. 
These observations indicate that the shortening of 
carbon-carbon single bonds in unsaturated hydrocarbons 
may be principally attributable to the relaxation of 
non-bonded repulsions across digonal or trigonal bonds. 
Bartell then suggests that these intramolecular van der 
Waal's forces may be even more important than effects of 
hybridisation and conjugation and hyperconjugation in 
governing bond angles, bond distances etc. 
Bartell has estimated this "hard sphere" radius for 
0,0 and F to be 125 pm, 113 pm and 108 pm respectively. 
The F. . . F distance in. this molecule is 217.1 + 0.6 pm, 
i.e. very slightly more than twice the hard sphere radius 
of fluorine. Howeverin the model used it is assumed 
that the only effect of tilting the trifluoromethyl 
groups away from one another is to vary the 0-C-F angles, 
i.e. the trifluoromethyl group is assumed to be a solid 
mass whereas it is clear that where there is a tilt 
the F-C-F angles will also be distorted and the 
probable effect would be that fluorine atom which is 
furthest away from the tilting force will not be shifted 
as far as the others and the F. . . F distance will in 
fact be shorter than given by the experiment. This effect 
would also mean that the shortest 0... F distance will be 
rather greater than the value given by the experiment. 
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This is confirmed by the fact that the shortest 0.. . F 
distance is 216.2 + 0.5 pm, i.e. rather shorter than the 
sum of the "hard sphere" radii of 221 pm. It seems likely 
therefore that the fluorine furthest from the tilting 
force will in fact be about 1-2 pm closer to the 
tilting force in order to minimise the increase in non-
bonded repulsions within the OCF 3 grouping of the tilt. 
It is interesting to note that the C. . . C distance 
in this molecule is only 237.8+ 2.3 pm, i.e. substan-
tially within twice the "hard sphere radius" of carbon. 
This could occur because the energy cost of 
widening the bond angle or lengthening the C-0 bondlength 
becomes much greater than even the substantial non-
bonded repulsions set up when two carbon atoms are 
brought substantially within "the hard sphere radii". 
Alternatively, carbon atoms are rather softer than 
oxygen and fluorine and the level of non-bonded 
repulsion only builds up slowly within the hard sphere 
radius. 
As can be seen from Table 5.2, the F-C-F angle is 
rather wider than one would expect. However in 
examining the assumptions in the model it seems likely 
that the real F-C-F angle, or at least the minimum 
F-C-F angle is rather smaller than the experimental 
result. 
5.3.5 Twist of the CF  groups: 
Any discussion of this parameter must be constrained 
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by the limitations of the model. As the torsion of 
the CF  group is liable to be of fairly, low energy any 
investigation of the conformation of the CF  group 
should take some account of the effects this vibration 
will have on the apparent shape of the molecule. However 
any investigation of this type involves the use of 
further independent parameters to determine the 
structure and in this molecule where there is a fairly 
high degree of correlation between the structural 
parameters it is unlikely that any further useful 
information could be obtained. This is particularly true 
in this case as the shape of the potential well around 
the energy minimum is likely to be fairly complicated 
because of the small separation between fluorine atoms 
in different CF  groups, where the CF  groups are 
staggered relative to the opposite C-0 bonds (minimum 
F.. . F distance < 267 pm) which may'. well introduce a hump 
in the potential well at that point. 
If it is assumed that the system is static the best 
fit to the diffraction data occurs where the CF  
groups are twisted 100 away from being staggered. However 
this may only be the position in which the fixed C. . . F 
and F.. . F distances come closest to the average of the 
continuously varying C.. . F and F.. . F distances of the 
vibrating system rather than the lowest point in the 
potential well. 
It is difficult to determine the likely point of 
minimum energy on twisting the CF  groups by comparison 
with other electron diffraction studies as the molecules 
in which a study of the conformation of the CF  groups 
has been carried out all seem to have an atom with 
S 2 hybridisation attached. to the trifluoromethyl groups, 
e.g. (CF3)2C=CH2167 (CF 3 ) 2C016  and (CF 3 ) 2 CNH16 . It is 
clear that in these molecules there is considerable steric 
interaction between the trifluoromethyl groups as they are 
twisted so that they are staggered with respect to each 
other while at the same time avoiding eclipsing the double 




The FCCX angles are 36.6 +1.1, 35.1 - 1.0 and 
36.9 - 0.7 in (CF 3 ) 2 CO 3 (CF 3 ) 2 C=NH and (CF 3 ) 2 CCH 2 
respectively. 
As the angle at the central atom in (CF 3 ) 20 is very 
similar to the angle at the central carbon atom in these 
examples (all lie between 121 and 1230) and the C-C 
bondlength is longer than the CO bondlength (153-155 pm 
as opposed to 137 pm) one would expect the steric inter-
action between the triflu Dromethyl groups to be even 
greater than in the above molecules. Therefore one 
might expect the tendency for the CF  groups to be 
staggered relative to the opposite CF  group rather than 
the opposite C-0 bond to be greater than in the above 
examples. However the substitution of two lone pairs for 
a double bond clearly substantially increases the 
tendency for the CF  groups to be staggered relative to 
the central atom as a view down a C-.O bond shows: 
F 
F 	C 
In (SiF 3 ) 2O 	the FSiOX angle was found to be 25 ° . 
However the angle at 0 is so wide (1S5.7 ° + 2.0 0 ) and 
the frequency of the Si-0-Si vibration so low that it is 
quite possible that the energy minimum occurs where the 
Si-0-Si skeleton is linear, making any comparison with 
(CF 3 ) 20 unrealistic. 
An examination of a series of chlorinated propanes 
shows that as chlorine atoms are substituted for 
hydrogen the steno strain introduced is relieved by 
widening the angle at the central carbon atom rather 
than by twisting the CC1 3 groups. For example in C 3 C1 8 7 
the angle at the central carbon is 119 ° while the 
molecule retains C 2 symmetry. However it seems likely 
that the two chlorines on the central atom will make any 
twist away from a fully staggered conformation much less 
energetically favourable than the two lone pairs on the 
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central oxygen in (CF 3 ) 20. 
5.3.6 Tilt angle: 
The wide angle at oxygen and the twist of the 
CF  groups away from staggered conformation suggest that 
there is substantial steno strain in the molecule 'caused 
by the close approach of the fluorine atoms. It 
would also relieve this strain to some extent if the 
CF 3 groups were tilted away from one another. This is 
in fact what happens as a model of the molecule, which 
includes a tilt angle gives a substantially better fit 
to the experimental data than a model without a tilt 
angle. The final result gives a tilt angle of 2.8 ± 0.80 . 
Molecule r(C-F)/pm Formal Charge 
C F 
H 3 CF 138.2 0.135 -0.239 
H 2CF2 135.7 0.1437 -0.2145 
H1CF 3 
 
133.4 0.752 -0.255 
CF 14 132.0 1.0 148 -0.262 
Table 5.2 
Compound C-F/pm F-C-Fl 
0 
 
CH3-CF3 1314.6 - 	0.6 107.3 	= 1.0 
CH=C-CF 3 133.7 + 1.0 107.5 ± 1.0 
CF 3 CEC-CF 3 133.1 ± 0.3 108.1 	- 0.3 
CF 3O-CF 3 133.1 + 0.3 109.3 + 1.0 
CF 3-CF 3 132.6 + 0.2 108.5 + 0.1 
(CF 3 ) 2 N0 132.2 ± 0•14 109.8 + 1.0 




Comparison of structures of various ethers and 
trifluoromethyl compounds 
Compound r(C-0)/pm r(C-F)/pm <(C-0-C)/
0 
 <(FCF)/ ° 
(CF 3 ) 20 136.1 133.1 121.8 109.3 
CF417 131.9 109.5 
CF 3Br 18 132.7 109.2 
CF3 C1 17 133.0 108.6 
CF 31 20 134.4 107.6 
CF 3H 21 133.6 108.5 
(CH 3 ) 2013 1 141.6 111.5 
(CH 3O) 2 CH 213 1140.3(mean) 1114.2 
(F 3 CO) 2 22 139.9 132.0 
Table 	5.11 
Comparison of results of this study and that of Lowrey et a1 23 
This work Lowrey et al 
r(C-0)/pm 136.1 	+ 1.2 136.0 ± 0.6 
r(C-F)/pm 133.1 	+ 0.3 132.7 ± 0.2 
121.8 	+ 1.9 120.8 + 1.5 
<(0-C-F-av)/ ° 109.7 ± 1.0 110.14 ± 1.0 
twist/ ° 10.8 	+ 0.8 15.6 
tilt/ ° 2.8 ± 0.8 2.14 
CX distances in (CH 3)mA  and (CF 3 )A 
A .rF(C_A)pm rH(C_A)pm (rF_rH)pm 
F .132 . 0 17 139.121 -7.1 
175 . 1 19 178 . 14 19 -3.3 
n1 
Br 191.0 193.9 -2.9 
I 211 . 5 20 213 . 9 214 -2.14 
0 136.0 1141.711 57 
n2 	S 182 . 8 25 182 . 0 26 +0.8 
Se 197 . 8 27 197 . 7 28 +0.1 
N 143.0 1145.512 -2.5 
P 193 . 9 25 1814;729 +9.2 
As 205.0 198 30  +7.0 
(CH) 153 . 9 31 153 . 5 32 
Experimental conditions 
Sample temp/K 	 Nozzle temp/K 	Wavelength/pm 




Weighting functions, correlation parameters and scale factors 
Height/mm 250.1 146 500.1601 999.821 
As/mm-  14 2 1 
s 	/mm 1 68 28 10 mm -1 sw1 /mm 814 314 13 
sw2/mm 288 1148 70 
s/mm 1 300 156 73 max 
p/h 0.14596 0.14980 0. 14988 
scale factor 0.673(10) 0.632(9) 0.399(8) 
Table 5.8 
Molecular parameters in (CF 3 ) 20 
A. Independent distances 
distance/pm 	amplitude/pm 	anharmonicity 
r1 (C-0) 	136.1 + 1.2 14.2(fixed) 2.0 
r 2 (C-F) 133.1 - 0.3 	14.3 + 0.5 	2.0 
B. 	Independent angles 
angle 1 	(C-0--C) 121.8 + 1.9 0 
angle 2 	(0-C-F) 109.7 + 1.00 
angle 3 	(twist) 10.8 	+ 0.8 0 
angle 14 	(tilt) 2.8 	-- 0.8 0 
C. Dependent distances 
distance/pm amplitude/pm 
d 1 (F.. .F) 217.1 + 1.2 6.3 	- 0.14 
d 2 (0. .  216.2 ± 1.0 6.3(tied to d 1 ) 
d 3 (0. .  222.6 ± 0.8 6.3(tied to d 1 ) 
d 14 (0. .  221.3 -i- 1.6 6.3(tied to d 1 ) 
d 5 (C ... C) 237.8 - 14.6 6.3(tied to d 1 ) 
d 6 (C 2 . . .F 1 ) 345.14 + 3.2 6.14 	+ 	0.9 
d 7 (C 2 . . .F) 275.9 + 3.14 6.14(tied to d 6 ) 
d 8 (C 2 . . .F 3 ) 291.1 + 2.2 6.4(tied to d 6 ) 
d 9 (F 1 . . .F 4 ) 1429.7 + 2.8 10.3 	+ 	1.0 
d 10 (F 1 .. .F5) 395.24 -i- 1.8 10.3(tied to d 9 ) 
d 11 (F 1 . . .F 6 ) 1401.3 - 3.6 10.3(tied to d 9 ) 
d 12 (F 2 . . .F 5 ) 267.2 - 2.2 10.3(tied to d 9 ) 
d 13 (F 2 . . .F 6 ) 310.14 + 14.14 10.3(tied to d9 ) 
d 14 (F 3 . . .F 5 ) 368.0 + 1.14 10.3(tied to d9) 
Table 5.9 
Bis(trifluoromethyl)ether 
Least squares correlation matrix x100 
rCO 	rCF 	< COC <OCF 
tilt twist UCF UFF UCF UFF k 1 k k3 
100 	-78 	-89 54 82 8 -64 _74 26 37 -37 -27 2 r0 
100 82 -64 -67 514 149 69 -30 -35 28 25 8 rCF 
100 -68 -90 8 58 78 -28 -47 35 29 0 <coc 
100 40 -68 -30 -61 12 61 -8 -10 
<OCF 
tilt 100 6 -58 -73 33 25 -140 -33 3 
twist 100 0 22 6 -35 -11 -8 5 
1CF 
100 65 -6 -17 62 39 0 
UFF 100 -14 -34 
614 147 2 
UCF 100 21 13 2 -2 
UFF 100 2 3 -1 
100 1414 0 





Figure 5.1 Observed and final weighted difference combined 
molecular scattering curve for (CF 3 ) 20. 
Figure 5.2 Observed and difference radial distribution 
curves for (CF 3 ) 2O, calculated using scattering 
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ELECTRON DIFFRACTION HARDWARE, DIFFRACTION PROGRAMMES 
AND DATA TREATMENT 
Electron diffraction data were obtained photographi-
cally on Kodak Electron Image plates using Balzer's 
KD.G2 instruments at the University of Oslo 1 ' 2 
((F 2P) 3N) and at the University of Manchester Institute 
of Science and Technology 3 . 
The apparatus is shown schematically in Figure 
6.1. 
The gun and lens assembly produced a stable electron 
beam whose wavelength was determined from the diffraction 
patterns of benzene (Manchester) and solid ZnO (Oslo) at 
the beginning of each series of experiments. A digital 
voltmeter measuring a fraction of the accelerating 
voltage then enabled the voltage to be set to exactly the 
same value throughout the series of experiments. 
The photographic plate box held up to a dozen plates 
which could be successively manouevered into position so 
that a series of twelve experiments could be carried out 
without it being necessary to pump down the experimental 
system afresh, to the very hard vacuum necessary, between 
experiments. 
The sample reservoir was held at the temperature 
necessary to achieve a suitable vapour pressure using an 
acetone bath cooled by carbon dioxide or by another slush 
if suitable. It was possible to determine the optimum bath 
temperature by examining the effect of the scattered 
electrons on a fluorescent plate through a window in the 
wall of the diffraction chamber. It was also possible to 
warm the nozzle assembly using hot water to prevent 
condensation of the molecular vapour. There were two 
nozzle assembly points at different distances from the 
plate box and a third "camera height" could be achieved 
by adding a section to the diffraction chamber. 
The cold trap was necessary to keep the diffraction 
chamber at as hard a vacuum as possible by clearing the 
molecular vapour from the chamber after it had passed 
through the beam. It was cooled by liquid nitrogen. 
Various types of sector were available with screening 
factors varying with s 14 or s 5 . 
The length of the experiment was determined by 
estimating from the initial examination of the fluorescent 
plate how long it would take to obtain a clear di.ffraction 
pattern. Obviously this method is subject to human error 
and it was advisable to repeat each experiment two or 
three times to be sure of obtaining usable results. 
The data from Manchester were digitised on a Joyce-
Loebi microdensitometer with six diameters being scanned 
on each plate at 0.2 mm intervals. The data were then 
reduced to molecular scattering curves using . a 
data reduction programme based on one written by Dr 
g.M. Sheldrick and Dr A.G. Robiette 14 . The programme 
16 14 
centres the microdensi tome ter data, applies corrections 
for sector profile, blackness and plate planarity, 
combines the individual traces, subtracts coherent 
atomic scattering, subtracts a fitted cubic and. applies 
as seven point smoothing function to the data. 
The data from Oslo were received as uphill curves 
having been digitised and reduced to that state in Oslo. 
The data were then further reduced using the above 
programme. 
A background was then subtracted to allow for 
incoherent atomic and extraneous scattering. Further 
minor background corrections were made throughout the 
refinement process. 
The least squares refinement programme used was a 
u development of Minieldi written by Dr D.W.H. Rankin and 
Dr A.G. Robiette, which uses a standard full matrix 
iterative least squares procedure. 
The refinements were based on calculated molecular 
scattering intensities using the formula: 
'calc I., A i. j sin(s(ri,J .-kijs 2 )) exp (_us 2/2) r. .s i j 
where A.. 
iJ 	1 
= ( z.-f. 1 	•J
)(z.-f. 
J 
)cos(n-n) where z i is the 
atomic number of atom i, f i  the scattering factor of 
atom i at scattering angle s, (r-) is the phase shift 
of scattering angle 5, r 	is the interatomic distance 
between atoms i and j, and u 	 is the r.m.s. amplitudeij 
of vibration of the ij atom pair. 
165 
166 
Values of k 	 were set equal to au/ 6 where a. is a
ii 
cubic anharmonic constant which was set at 2 for bonded 
distances and zero for non-bonded distances. 
To allow for correlation between adjacent points and 
the lower reliability of the intensity data taken from 
the centre and edge of the plates, an off-diagonal weight 
matrix was used. As the data at the centre and edge of the 
plates are likely to be less reliable two points, s1  and 
s 2 were chosen by inspection and the weight applied to any 
points outside these limits was reduced. 
The diagonal elements of the weight matrix were 
therefore: 
wj 	(Si_S min  )/(Si_5min) where s mm 
W.. = 1 
11 
where s 1 <s<s 2 
w ii 	max-  = (s 	-s i 	1 )/(s.-s2 	 i 2 ) 
where s <s<s max 
In order to allow for the effects of correlation off-
diagonal elements were introduced to the weight matrix as 
follows: 
3 w 1 ..=o where iij+1 
= _0.5(w+w)/(P/h)twhere i=j-+-1 
(p/h)t is the correlation parameter for nozzle to plate 
distance,t , and was calculated by the method of Murato 
5 and Morino. 
167 
The R-factors which .are measures of closeness by fit 
of theoretical to experimental data, calculated by this 
programme, were: 
R  = (uwU/IWI) 
and RD = (wu /wI ) 12 
where I is the vector of intensities, U the vector of 
residuals and W is the weight matrix. 
It is obvious that RD takes no account of correlation: 
all R-factors quoted in the text are RG. 
Using this programme it was possible in principle to 
refine all independent structural parameters, amplitudes of 
vibration and scale factors, although it was possible to 
exclude selected parameters from any cycle of refinement. 
Provision was also made for refinement of groups of ampli-
tude of vibration as a single parameter where the 
amplitudes within the group were held at a fixed ratio to 
one another. 
A plotting programme was also available which plotted 
the molecular scattering intensities and the weighted 
differences between observed and calculated molecular 
scattering curves. The programme also calculated and 
plotted the radial distribution curves P(r) and P(r)/r 
by Fourier inversion. 
All distances quoted in the text are r a 6 unless other-
wise specified and correspond to the centres of gravity of 
the peaks in P(r)/r. 
All computing work was carried out using ICL 14_75 and 
2980 computers. 






Figure 6.1 Electron diffraction apparatus 
N. 
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